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ABSTRACT 
A major v o l c a n i c  e r u p t i o n  on t h e  I s l and  of Hawaii i n  December 1959 
d e v a s t a t e d  on e x i s t i n g  montane r a in -  and seasona l - fo re s t  covering an a r e a  
of about  500 ha. The e r u p t i o n  r e s u l t e d  i n  a  massive pahoehoe l a v a  
s u b s t r a t e  on t h e  c r a t e r  f l o o r  of Kilauea I k i ,  i n  a  new c inde r  cone, i n  
an  a r e a  covered w i t h  s p a t t e r  and another  w i th  an  ex tens ive  b l anke t  of 
pumice va ry ing  a long  a  f a l l o u t  g r a d i e n t  from over  46 m t o  l e s s  than 2 cm 
deep.  S i x  new h a b i t a t s  were recognized by kinds of s u b s t r a t e  and remains 
of former v e g e t a t i o n .  A s t u d y  was made of p l a n t  i nvas ion  and recovery 
from t h e  time of t h e  d i s t u r b a n c e  till n ine  yea r s  t h e r e a f t e r .  P l a n t  
r e c o r d s  c o n s i s t e d  p r i m a r i l y  of p e r i o d i c a l l y  l i s t i n g  s p e c i e s  by cover- 
abundance i n  a l a r g e  number of quadra t s  a long a  t r a n s e c t  system t h a t  
c ros sed  t h e  c r a t e r  f l o o r  and extended about 3 km along the  f a l l o u t  
g r a d i e n t .  The atmospheric  environment was s tud ied  concurren t ly  by 
r e c o r d s  of r a i n f a l l ,  l a t e r a l  r a i n -  and s team-in tercept ion  and 
d e s i c c a t i n g  power. The s u b s t r a t e s  were examined f o r  t h e i r  s o i l  mois ture  
p r o p e r t i e s ,  t empera tures ,  mine ra log ica l  p r o p e r t i e s  and a v a i l a b l e  p l a n t  
n u t r i e n t s .  
It was found t h a t  p l a n t s  moved onto t h e  c r a t e r  f l o o r  w i t h i n  the  
f i r s t  yea r .  They progressed  c o n c e n t r i c a l l y  towards t h e  c r a t e r  cen te r  
i n  c o r r e l a t i o n  w i t h  a s u b s t r a t e - h e a t  g rad ien t  t h a t  cooled p rog res s ive ly  
from t h e  margin inward. P l a n t  i nvas ion  on t h e  c inde r  cone was delayed 
by 2 t o  3 y e a r s ,  because  of prolonged vo lcan ic  h e a t i n g  from below. X 
f a s t  i n v a s i o n  took p l a c e  on t h e  s p a t t e r  h a b i t a t  where a  su rv iv ing  r a i n  
f o r e s t  was nearby and where t r e e  snags provided a d d i t i o n a l  moisture 
l o c a l l y  a t  t h e i r  base  by i n t e r c e p t i n g  wind-driven r a i n s .  Establishment 
- ii - 
a t  snag  b a s e s  were a l s o  noted  on t h e  pumice, and g e n e r a l l y ,  p l a n t  
i n v a s i o n  occurred  by aggrega t ion  of p l a n t s  i n  favorable  mic rohab i t a t s  
which inc luded  c r e v i c e s  and t r e e  molds. On the  pumice, i nvas ion  
p rog res sed  a t  a  r e l a t i v e l y  uniform r a t e  i n  s p i t e  of d i f f e r e n c e s  i n  
s u b s t r a t e  depth and atmospheric  environment. The inc rease  i n  p l a n t  
cover  was much f a s t e r  on t h e  h a b i t a t s  wi th  vege ta t ion  remains than  on 
t h o s e  wi thou t .  On t h e  l a t t e r ,  t h e  p l a n t  cover was s t i l l  i n s i g n i f i c a n t  
i n  y e a r  9 a f t e r  t h e  e r u p t i o n ,  i n  s p i t e  of a  near  t o t a l  spread  of p l a n t s  
a c r o s s  t h e s e  h a b i t a t s .  
The sequence of l i f e  form es tab l i shment  on s u b s t r a t e s  wi thout  
v e g e t a t i o n  remnants was c l e a r l y  a l g a e  f i r s t ,  then mosses and f e r n s ,  
t h e n  l i c h e n s ,  t hen  n a t i v e  woody seed p l a n t s  and f i n a l l y  e x o t i c  woody 
and herbaceous seed  p l a n t s .  On the s u b s t r a t e s  wi th  former vege ta t ion  
remains,  e x o t i c  seed  p l a n t s  p a r t i c i p a t e d  i n  the  invas ion  process  from 
t h e  beginning.  This  w a s  r e l a t e d  t o  t h e  a v a i l a b i l i t y  of mic rohab i t a t s  
w i t h  wa te r  r e l a t i o n s  f avo rab le  f o r  p l a n t s  with normal r o o t  systems and 
probably  h i g h e r  water  requirements  than  the  n a t i v e  sc l e rophy l lous  woody 
p l a n t s ,  A remarkable recovery occurred among Metrosideros polynorpha 
trees t h a t  were bu r i ed  up t o  and over  2.5 m deep under punice.  Severa l  
n a t i v e  sh rubs  r e sp rou ted  a f t e r  t h e i r  e n t i r e  shoot system had been bu r i ed .  
The b e s t  herbaceous s u r v i v o r s  were those  wi th  underground s t o r a g e  
o rgans ,  which inc luded  both  n a t i v e  and e x o t i c  spec ies .  
The invad5-g e x o t i c s  d i d  i n  no way i n t e r f e r e  wi th  the  es tab l i shment  
of t h e  n a t i v e  p ioneer  p l a n t s .  I n i t i a l  s t a g e s  of success ion  were 
observed whereby n a t i v e  woody p l a n t s  began t o  r ep l ace  e x o t i c  woody 
I - p l a n t s .  Among herbaceous p l a n t s ,  e x o t i c  spec i e s  were f a r  more numerous, 
because  t h e r e  a r e  only  v e r y  few n a t i v e  spec i e s  i n  t h i s  group. 
succes s ion ,  i n  p a r t  caused by compet i t ive  replacement,  was noted among 
t h e  e x o t i c  herbaceous p l a n t s .  Thus, t h e r e  appears  t o  be  no t h r e a t  of 
n a t i v e  p l a n t s  t o  b e  r ep l aced  by e x o t i c s  on these  new vo lcan ic  s u b s t r a t e s .  
The n a t i v e  forms a r e  b e t t e r  adapted t o  t hese  harsh  environments.  But 
e x o t i c  complementary l i f e  forms a r e  expected t o  remain i n  a s s o c i a t i o n  
w i t h  t h e  n a t i v e  v e g e t a t i o n  because of a l a c k  of l i f e  forms among t h e  
n a t i v e  s p e c i e s  t o  f i l l  t h e  a v a i l a b l e  n iches .  
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INTRODUCT I O N  
I n  December 1959 Ki lauea  I k i ,  a  p i t  c r a t e r  on t he  summit of Kilauea 
Volcano, e rup ted  and d e p o s i t e d  a  b l anke t  of ash over an a r e a  of 500 
h e c t a r e s .  The e n t i r e  a r e a  was l a t e r  named "Devastat ion Area," because 
of t h e  widespread d e s t r u c t i o n  of vege t a t i on .  
The devas t a t ed  a r e a  provided an e x c e l l e n t  oppor tun i ty  t o  s tudy  
format ion  of new p l a n t  communities on a  v a r i e t y  of new vo lcan ic  s u b s t r a t e s .  
The q u e s t i o n  of how p l a n t  communities o r i g i n a t e  has been of g r e a t  
i n t e r e s t  t o  e c o l o g i s t s  f o r  sometime. A number of obse rva t ions  a r e  
recorded i n  t h e  l i t e r a t u r e .  Clements (1916, 1928) even developed h i s  
scheme of v e g e t a t i o n  c l a s s i f i c a t i o n  on gene ra l  obse rva t ions  r e l a t i n g  t o  
t h e  o r i g i n  and succes s ion  of p l a n t  communities. Yet ,  many of h i s  
conc lus ions  about  v e g e t a t i o n  o r i g i n  and success ion  were based on 
s ide-by-side comparisons of d i f f e r e n t  communities t h a t  a r e  supposed t o  
form a sequence i n  t ime ,  where i n  r e a l i t y  they form a  sequence i n  space.  
Observa t ions  of p l a n t  popu la t i ons  and vege t a t i on  changes on t h e  same 
s i t e  over  a  pe r iod  of t i m e  o f f e r s  much more r e l i a b l e  in format ion  on 
community o r i g i n  and succes s ion  than s p a t i a l  comparisons. However, t h e  
o p p o r t u n i t i e s  f o r  such s t u d i e s  a r e  r e s t r i c t e d  t o  t he  occur rences  of new 
s u b s t r a t e s ,  and t h e s e  a r e  n o t  o f t e n  found i n  n a t u r e .  ?loreover, most 
obse rva t ions  on new v o l c a n i c  s u b s t r a t e s  r e l a t e  t o  r a t h e r  g e n e r a l  records  
of s p e c i e s  occur rences  (Uhe 1972).  Rarely have s t u d i e s  been done t h a t  
c o n s i s t  of annual ly  r epea t ed  r eco rds  i n  permanent quad ra t s .  
k' 
When beginning  t h i s  s t u d y ,  t h e  fo l lowing  ques t i ons  were asked: 
1. I n  what sequence do p l a n t  l i f e  forms and s p e c i e s  invade? 
2. What is  t h e  r a t e  of s p e c i e s  i nc rease  on new vo lcan ic  s u b s t r a t e s ?  
3.  A t  what r a t e  does  p l a n t  l i f e  cover t h e  ba r r en  s u r f a c e s ?  
4.  How d o e s . v o l c a n i c a l l y  damaged vege ta t ion  recover?  
5. What a r e  t h e  environmental  f a c t o r s  and f a c t o r  i n t e n s i t i e s  t h a t  
l i m i t  p l a n t  i nvas ion  and recovery? 
On t h e  b a s i s  of  l i t e r a t u r e  information and pre l iminary  obse rva t ions ,  
i t  was hypothes ized  t h a t  p l a n t  l i f e  form invas ion  would fo l low the  
sequence of a l g a e ,  l i c h e n s ,  mosses, f e r n s  and f i n a l l y  seed p l a n t s .  I t  
was a l s o  thought  t h a t  succes s ion  would be more r ap id  on ash than l a v a  
rock and t h a t  i nvas ion  would be  p o s i t i v e l y  c o r r e l a t e d  wi th  r a i n f a l l .  
I n  terms of s p e c i e s  i nvas ion ,  t h e r e  was a  b i g  ques t ion  whether 
endemic o r  e x o t i c  p l a n t  s p e c i e s  would be  more succes s fu l .  The endemic 
f l o r a  i n  Hawaii o r i g i n a t e d  from chance es tab l i shment  of p l a n t s  whose 
d isseminules  must have t r a v e l l e d  g r e a t  d i s t ances .  I n  the  development of 
t h i s  endemic f l o r a  i n t o  communities, one important  evolu t ionary  s t r e s s -  
f a c t o r  was volcanism. Volcanism must have d i s tu rbed  e s t a b l i s h e d  p l a n t  
communities from t ime t o  time i n  much the  same way a s  i t  does today. 
Endemic p l a n t s  may b e  s a i d  t o  be adapted by evo lu t ion  t o  va r ious  forms 
of v o l c a n i c  d i s t u r b a n c e s ,  wh i l e  some e x o t i c  spec i e s  a r e  aggress ive  weed 
p l a n t s  t h a t  may a l s o  b e  a b l e  t o  cope wi th  d r a s t i c  d i s tu rbances .  
The ques t ion  of e x o t i c  s p e c i e s  invas ion  was of p a r t i c u l a r  i n t e r e s t  
t o  t he  park  r e sou rces  managers, who are charged wi th  t h e  r e s p o n s i b i l i t y  
of keeping the  n a t i o n a l  park  i n  a  p r i s t i n e  condi t ion .  Invasion of 
e x o t i c  s p e c i e s  is  looked upon a s  an unna tu ra l  phenomenon. Therefore,  a  
s tudy  was necessary  t o  f i n d  which group of s p e c i e s ,  e x o t i c  o r  endemic, 
would be  more s u c c e s s f u l  i n  forming t h e  new communities. 
ANALYSIS OF PREVIOUS STUDIES 
S t u d i e s  i n  Hawaii 
A framework f o r  e c o l o g i c a l  s t u d i e s  i n  t h e  Hawaiian I s l a n d s  has been 
g iven  by s e v e r a l  d e s c r i p t i o n s  of vege ta t ion  zones (Hi l lebrand  1888, Rock 
1913, Hosaka 1937, E g l e r  1939, Robyns and Lamb 1939, Hart  and Neal 1940, 
Ripperton and Hosaka 1942, Kra j ina  1963, and Knapp 1965). Three 
e c o l o g i c a l  s t u d i e s  were concerned wi th  more l o c a l  physiographic s e c t i o n s  
of Oahu (Hosaka 1937, Eg le r  1947, and Hatheway 1952).  Thei r  emphasis was 
on t h e  d e s c r i p t i o n  of c u r r e n t  p l a n t  communities. Fosberg (1961) provided 
a summary d e s c r i p t i o n  of about  30 major ecosystems t h a t  a r e  preva len t  on 
n e a r l y  a l l  t h e  h igh  i s l a n d s .  
Seve ra l  e c o l o g i c a l  s t u d i e s  d e a l  s p e c i f i c a l l y  w i th  t h e  i s l a n d  of 
Hawaii, which because  of i t s  r e c e n t  vo lcan ic  s u r f a c e s ,  shows major 
unconformi t ies  i n  v e g e t a t i o n  types t o  t h e  o t h e r  high i s l a n d s .  Doty and 
Mueller-Dombois (1966) reviewed a l l  b ioeco log ica l  s t u d i e s  t h a t  had been 
done up t o  t h a t  t ime i n  Hawaii Volcanoes Nat iona l  Park. I n  a d d i t i o n ,  a 
d e t a i l e d  framework of ecosystem types was provided wi th  t h i s  
p u b l i c a t i o n  i n  form of 
topographic  v e g e t a t i o n  
i n v e s t i g a t e d  f o r  t h e i r  
t r e e  s t a n d  r e l a t i v e  t o  
an a i r  photo vege ta t ion  map and by f i v e  
p r o f i l e s .  These ecosystem types were f u r t h e r  
phy tosoc io log ica l  r e l a t i o n s h i p s  (Newell 1968) and 
s o i l  c h a r a c t e r i s t i c s  (Rajput 1968).  Mueller-Dornbois 
(1967) analyzed i n  some d e t a i l  t h e  e c o l o g i c a l  r e l a t i o n s  i n  t h e  a lp ine  and 
sub-alpine v e g e t a t i o n s  on Mauna Loa volcano,  and a  comparison of ea s t -  
f l a n k  v e g e t a t i o n s  on t h e  s t i l l  a c t i v e  Mauna Loa and t h e  o l d e r ,  dormant, 
Mauna Kea volcanoes was made (Mueller-Donbois and Kra j ina  1968).  These 
s t u d i e s  provide  t h e  more s p e c i t i c  e c o l q g i c a l  framework f o r  s t u d i e s  
d e a l i n g  d i r e c t l y  w i t h  s u c c e s s i o n  on v o l c a n i c  s u r f a c e s .  
S t u d i e s  d i r e c t l y  concerned w i t h  a s p e c t s  of v e g e t a t i o n  dynamics on 
new v o l c a n i c  material of t h e  younges t  i s l a n d  Hawaii werg done by Forbes  
( l g H ) ,  MacCaughey ( l 9 l 7 ) ,  Robyns and Lamb ( l 9 3 9 ) ,  S k o t t s b e r g  ( l 9 4 l ) ,  
and ~ o t y  (1957, 1961,  1966,  1967a ,  l 9 6 7 b ) ,  l i i l l e r  (196O), Fosberg 
(1959) ,  Mueller-Dombois (1967) ,  Jackson  (1969) ,  Atk inson  (1969, 1970) 
and E g g l e r  (1971).  
Forbes  was t h e  f i r s t  t o  s t u d y  p l a n t  s u c c e s s i o n  on r e c e n t  Hawaiian 
l a v a  f lows .  H i s  o b s e r v a t i o n s  were  conf ined  t o  t h e  summer-dry r e g i o n  on 
t h e  lee s i d e  of Mauna Loa. Here h e  s t u d i e d  f i v e  l a v a  f lows  w i t h  d a t e s  
of 1859,  1884,  1887,  1907 and one of r e c e n t  o r i g i n  b u t  n o t  d a t e d .  H i s  
m a j o r  c o n c l u s i o n s  w i t h  r e g a r d  t o  p l a n t  i n v a s i o n ,  s u c c e s s i o n  and c l imax 
on l a v a  f lows  on t h e  l eeward  s i d e  a r e  summarized i n  t h e  f i v e  f o l l o w i n g  
p o i n t s :  
"1. Appearance o f  lower  cryptogams,  e v e n t u a l l y  becoming 
consp icuous  on t h e  a'a." 
Appearance of Polypodium pe l luc idum ( f o l d e d  fo rm) ,  S a d l e r i a  
c y a t h e o i d e s  and M e t r o s i d e r o s  polymorpha ( o h i a ) ,  f i r s t  on 
pahoehoe,  and a t  a much later  d a t e  on a ' a . "  
Gradua l  development  of t h e  t y p i c a l  f l o r a l  a s p e c t s  of t h e  
immediate  v i c i n i t y ,  i f  i n  t h e  c e n t r a l  r e g i o n  of an o h i a  
f o r e s t .  " 
E s t a b l i s h m e n t  of t h e  f i n a l  n a t i v e  v e g e t a t i o n ,  i f  i n  t h e  
c e n t r a l  r e g i o n  of a koa f o r e s t . "  
A l a t e r  s t a g e  may b e  t h e  encroachment of t h e  n a t u r a l i z e d  
f l o r a ,  due  t o  a change of c o n d i t i o n s  b rought  abou t  by human 
agency. 11 
MacCaughey (1917) a l s o  conf ined  h i s  s tudy  t o  t he  xe rophy t i c  r eg ions .  
H e  r epo r t ed  t h a t  t he  r a t e  of i nvas ion  depended on r a i n f a l l  and a d j a c e n t  
v e g e t a t i o n ,  and t h a t  h i s  f i n d i n g s  g e n e r a l l y  agreed w i t h  those  of Forbes.  
I n  c o n t r a s t  he found t h a t  l i c h e n s  occurred much sooner  on a ' a  than  on 
pahoehoe, wh i l e  f e r n s  and trees e s t a b l i s h e d  e a r l i e r  on t h e  pahoehoe l a v a  
t Y  Pe 
Robyns and Lamb (1939) recognized and c l a s s i f i e d  f i v e  major climax 
format ions  f o r  Hawaii. I n  s o  doing they fo l low t h e  monoclimax 
concept of Clements, They emphasized t h a t  c l ima te  c o n t r o l s  t h e  f i n a l  
form of v e g e t a t i o n ,  wh i l e  t h e  s o i l  on ly  accounts f o r  developmental 
s t a g e s .  They concluded t h a t  t h e  r a t e  of i nvas ion  and v e g e t a t i o n  d e n s i t y  
i nc reased  wi th  r a i n f a l l  and t h a t  mo i s tu re  is  more important  i n  p l a n t  
e s t ab l i shmen t  than age of t h e  s u b s t r a t e .  They r epor t ed  t h e  course  of 
pr imary succes s ion  i n  t he  Ki lauea  r eg ion  i h  t h r e e  s t e p s :  
"1. Invas ion  of c racks  i n  t h e  new flow by f e r n s  and f lower ing  
p l a n t s  t h a t  a r e  common t o  t h e  a d j a c e n t  a r e a ,  and suppor ted  
by nonvascular  cryptogams e s p e c i a l l y  on t h e  a v a  l ava . "  
11 2. Gradual b u i l d i n g  up of h e a v i e r  p l a n t  cover ing ,  f i l l i n g  i n  
between the  c racks ,  producing a  shrub s t a g e  i n  which Dodonea 
v i s c o s a ,  S t y p h e l i a  tameiameiae, and Metrosideros polymorpha 
predominate. " 
I I 3. Development of a p l a n t  community t y p i c a l  of t h e  v e g e t a t i o n  
formation found i n  t h e  surrounding area." 
Sko t t sbe rg  (1941) was t h e  f i r s t  i n v e s t i g a t o r  i n  Hawaii t o  make 
obse rva t ions  i n  t h e  same l o c a t i o n s  a f t e r  a  l a p s e  of t ime by us ing  
permanent q u a d r a t s  t o  s t u d y  p l a n t  success ion .  He e s t a b l i s h e d  s i x  10 m x 
10  m q u a d r a t s  i n  1926. Four were l a i d  out  on the  1920 Kilauea flow i n  
t h e  Kau Desert i n  a  summer-drought c l ima te ,  t he  o t h e r  two were e s t a b l i s h e d  
on t h e  1919 Mauna Loa f low i n  a  r a i n - f o r e s t  c l ima te  on SW Hawaii. Within 
each of  t h e  f lows ,  h e  compared a ' a  wi th  pahoehoe s e c t i o n s .  A s  expected,  
t h e  p l a n t  i n v a s i o n  r a t e  was ve ry  much f a s t e r  on t h e  1919 flow (wet 
c l i m a t e )  as compared t o  t h e  1920 flow (dry c l i m a t e ) ,  a l s o  the  spec i e s  
d i v e r s i t y  was g r e a t e r  i n  t h e  moist  c l ima te .  I n  gene ra l ,  he found 
i n v a s i o n  of v a s c u l a r  p l a n t s  t o  b e  denser  on pahoehoe, whi le  cryptogarns 
(mosses and l i c h e n s )  were becoming widely e s t a b l i s h e d  on the  a ' a  l a v a .  
This suppor ted  t h e  e a r l i e r  obse rva t iona l  s t u d i e s .  Sko t t sbe rg ' s  work 
p o i n t s  t o  t h e  need of  d i s t i n g u i s h i n g  f i n e r  s u b s t r a t e  d i f f e r e n c e s  i n  
r e l a t i n g  p l a n t  i n v a s i o n  t o  t h e  type  of vo lcan ic  s u r f a c e  m a t e r i a l .  
Doty (1957, 1961, 1967a, 1967b) made the  most i n t e n s i v e  s tudy  of 
p l a n t  succes s ion  on Hawaiian vo lcan ic  m a t e r i a l s  t o  d a t e .  H i s  work was 
conf ined  t o  t h e  1955 l a v a  flow on t h e  e a s t  f l a n k  of Kilauea Volcano, 
which l i e s  i n  a  humid c l ima te .  He observed blue-green a lgae  t o  become 
e s t a b l i s h e d  t h r e e  months a f t e r  the  flow had s topped.  A t  s i x  months 
t h e s e  were fol lowed by a  l a r g e  number of i n d i v i d u a l s  of cryptogamic and 
v a s c u l a r  p l a n t s .  These c o n s i s t e d  of t h e  fo l lowing  s p e c i e s :  a  fungus 
(no t  named), a t r e e ,  Met ros ideros  polymorpha, a  he rb ,  E r e c h t i t e s  
v a l e r i a n a e f o l i a ,  a n  o r c h i d ,  S p a t h o g l o t t i s  p l i c a t a ,  a  f e r n ,  Xephrolepis 
e x a l t a t a ,  and a  moss, Campylopus. Doty reasoned t h a t  t he  vascular  
s p e c i e s  g o t  e s t a b l i s h e d  because of copious water  supp l i ed  from steam 
condensing ( r e c y c l i n g  r a inwa te r )  on the  flow s u r f a c e .  About fou r t een  
months a f t e r  t h e  e r u p t i o n ,  l a r g e  numbers of p l a n t s  d i e d .  Doty assuned 
t h a t  a drought  had developed on t h e  flow. He be l ieved  t h i s  t o  be caused 
by a d e c l i n e  of vapor steaming. He a t t r i b u t e d  the  reduct ion  of steam 
condensa t ion  t o  t he  coo l ing  of t h e  f low- in t e r io r .  During the  drought  
non-nat ive s p e c i e s  d isappeared  completely and the  number of n a t i v e  
s p e c i e s  was g r e a t l y  reduced too. However, when r a iny  per iods  p r e v a i l e d ,  
n a t i v e  cryptogamic popu la t ions  were found t o  form a success ion .  The 
blue-green a l g a  Scytonema, and then ,  Stigonema became rep laced  by 
Stereocaulon  l i c h e n s .  
Fosberg (1959),  a f t e r  examining t h e  a l p i n e  and subalp ine  zone of 
Mauna Loa, be l i eved  t h a t  t he  s c a t t e r e d  high a l t i t u d e  p l a n t s  seem t o  have 
no e c o l o g i c a l  r e l a t i o n  o r  dependence between them. He found a l l  of them 
t o  occur  i n  s e p a r a t e  n i ches  o r  i s o l a t e d  examples of t he  same n iche .  
Contrary t o  Fosberg 's  f i n d i n g s ,  Mueller-Dombois (1967) found s p e c i e s  
s u c c e s s i o n a l  r e l a t i o n s h i p s  i n  t h e  a l p i n e  scrub vege ta t ion  on Mauna Loa. 
He r e p o r t s  t h a t  where t h e  shrubs  Vaccinium peleanum and S typhe l i a  
d o u g l a s i i  grow t o g e t h e r ,  t h e  l a t t e r  tends  t o  r ep l ace  the  former.  
J a c k s o n (  1969) s t u d i e d  the  r o l e  of Stereocaulon l i c h e n  i n  rock 
weather ing  a t  low a l t i t u d e s  on e i g h t  da ted  Mauna Loa and two Kilauea 
f lows  t h a t  t r a v e r s e  through d i f f e r e n t  r a i n f a l l  zones. He found t h a t  t h i s  
l i c h e n  g r e a t l y  a c c e l e r a t e d  t h e  weather ing  of the b a s a l t  l ava .  A reddish-  
brown c o l l o i d a l  "gel" w a s  i s o l a t e d  t h a t  c o n s i s t e n t l y  occurred i n  
a s s o c i a t i o n  w i t h  S tereocaulon  on the  l a v a  flows i n  h igher  r a i n f a l l  a r e a s .  
The g e l  was absent  on rock s u r f a c e s  n o t  occupied by t h i s  l i c h e n  and on 
t h o s e  i n  dry  c l i m a t e s ,  where S tereocaulon  remained s tun ted  o r  immature. 
The g e l  w a s  i d e n t i f i e d  a s  a polymorph of f e r r i c  (111) oxide con ta in ing  
minor amounts of aluminum and t i t a n i u m  oxides and t r a c e s  of s i l i c o n .  
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According t o  Jackson ,  t h i s  is t h e  f i r s t  record  of t h i s  s p e c i f i c  i r o n  
compound eve r  found i n  n a t u r e ,  and he  t e n t a t i v e l y  gave i t  t h e  name 
" l i c h e n i t e . "  
Atkinson (1969, 1970) examined t h e  succes s iona l  t r ends  i n  t h e  humid 
and subhumid lowland t o  montane a r e a s  of Mauna Loa and Kilauea volcanoes 
from a side-by-side comparison of flows of d i f f e r e n t  ages .  H i s  concern 
w a s  p r i m a r i l y  w i t h  f i n d i n g  a method t o  extend the  d a t i n g  of l a v a  flows 
beyond t h e  recorded  d a t e s ,  which go back about 200 yea r s .  By us ing  t h e  
rate of calcium l o s s ,  pH change and t i t an ium ga in ,  he be l ieved  t o  have 
found a means of ex tending  t h e  l a v a  flow d a t e s  i n  t h e  humid and subhumid 
lowland t o  t h e  montane zone f o r  another  200 yea r s .  On t h i s  b a s i s ,  he 
desc r ibed  f o u r  chronosequences a s  being d i s t i n c t ,  a l l  beginning from a ' a  
* 
o r  pahoehoe rockland.  According t o  Atkinson, a c o a s t a l  sequence 
t e rmina te s  v i a  a Metros ideros  s t a g e  i n  a Pandanus t e c t o r i u s  f o r e s t ,  a 
, humid upland sequence i n  a Metrosideros-Cibotium f o r e s t ,  a humid lowland 
s e r i e s  i n  a Metros ideros  dominated f o r e s t  w i th  minor q u a n t i t i e s  of 
Cibotium t r e e  f e r n s .  A subhumid t o  summer-dry s e r i e s  i s  be l ieved  t o  
t e rmina te  i n  a Metrosideros-Diospyros f e r r e a  f o r e s t .  The development of 
t h e s e  fou r  d i f f e r e n t  f o r e s t  types  s t a r t i n g  from ba r ren  l ava  i s  thought 
t o  t a k e  p l a c e  i n  l e s s  than  400 yea r s .  No c o n s i s t e n t  d i f f e r e n c e s  i n  
succes s ion  were observed i n  r e l a t i o n  t o  a ' a  and pahoehoe l avas .  
Eggler  (1971) s t u d i e d  v e g e t a t i o n  on 16 young l a v a  flows on the  
i s l a n d  of Hawaii f o r  approximately 3 y e a r s  These represented  a t a  and 
P pahoehoe types found i n  bo th  wet and dry  c l ima te s .  They ranged i n  age 
from p r e h i s t o r i c  t ime ( p r i o r  t o  1778) t o  d e p o s i t s  made i n  1965. Eggler 
. s a i d  t h a t  he  could f i n d  l i t t l e  evidence of a success ion  p a t t e r n  among 
G 
the vegetations on these flows. Further, he observed that the rate of 
establishment of plants on these flows may have differed greatly. 
After contending that there are no distinguishable patterns in 
succession and rate of establishment among Hawaiian lava vegetations, 
Eggler proposed a formula for predicting biomass accumulations on 
volcanic substrates. The factors in this formula were: age of lava 
flow x precipitation x lava type x soil factor = biomasslha. It seems 
clear that Eggler's design of side-by-side comparisons of flow 
vegetations did not permit reliable conclusions on succession and rate of 
establishment. His biomass formula fails to reveal any phytosociological 
relationships. These would be important for an understanding of 
succession. 
The literature survey of plant succession studies on Hawaii shows 
that the information is still only fragmentary. This is in part due to 
the great range of environmental conditions available and in part to 
the differential intensity of the studies. Three general questions have 
been partially answered for only limited type$ of climates and 
substrates . These are: 
1. What kinds of plants are the invaders on new lava materials 
and what are their followers? 
2.  Which type of lava is more rapidly invaded: the rough a'a or 
the smooth pahoehoe? 
3.  How long does it take for a forest to develop from the time of 
lava flow origin? 
No attention has as yet been paid to succession on other types of 
volcanic substrates for example, the various kinds of pyroclastics. 
4 
Ash substrates are as prevalent as are lava rock substrates in Hawaii, 
but ash or pyroclastic substrates have received no attention in 
succession studies. From a fundamental viewpoint, plant invasion and 
succession on psyroclastic materials is equally significant. Also, 
little is known about the rate of species increase in the initial stages 
of succession. Only three studies were based on periodic observations 
of the same places. All others relate to conclusions drawn from 
adjacent observations that are presumed to form chronosequences, and 
these are still very general. 
Studies in other volcanic areas 
A comprehensive review of work done in other volcanic areas of the 
world, including the Hawaiian Islands, was recently presented by Uhe 
(1972). 
The more pertinent aspects relative to the present investigation 
may be summarized in three points: 
1. Damage to existing vegetation and its recovery after volcanic 
activity. 
2. New colonizers. 
3. Invasion rates with respect to different materials. 
1. Partial destruction of existing vegetation from deposits of the 
same volcanic material was found to have a selective effect on species 
P composition and size within species. 
better recovery of oaks than of other 
0 sized pines to be favored over small- 
Eggler (1948, 1963) observed a 
tree species, and found medium- 
and large-sized ones under 
d e p o s i t s  of a sh  on t h e  s l o p e s  of E l  P a r i c u t i n ,  Mexico. Such e f f e c t s  may 
have c o n t r i b u t e d  t o  d i f f e r e n c e s  i n  c u r r e n t  spec i e s  composition of 
v e g e t a t i o n  i s l a n d s  h e r e  on Mauna Loa, Hawaii. Eggler (1967) a l s o  found 
t h a t  t h e  d iameter  of s u r v i v a l  t r e e s  i n  t he  ash  f a l l o u t  a r e a  inc reased  
g r e a t l y .  A f t e r  examining t h e  increased  xylem t i s s u e ,  he be l i eved  t h a t  
i n  some cases  t h e  r a p i d  i n c r e a s e  i n  growth r a t e  was brought  about by a  
d e c r e a s e  of compet i t ion .  I n  another  i n s t ance  h e  suggested t h a t  auxin  
i n c r e a s e ,  dec rease ,  o r  d e s t r u c t i o n  could have accounted f o r  va r ious  r a t e s  
of growth. A similar i n c r e a s e  of t h e  diameter  of ash-buried s u r v i v a l  
trees was r e p o r t e d  by Griggs (1922) from Mount Katmai. 
Seve ra l  i n v e s t i g a t o r s  have r epor t ed  t h a t  s u r v i v a l  p l a n t s  appeared 
t o  a c c e l e r a t e  t h e  r a t e  of i nvas ion  of new co lon ize r s  and the  r evege ta t ion  
p roces s ,  as a whole. Sands (1912) had observed g r e a t  d i f f e r e n c e s  i n  t h e  
rate of v e g e t a t i o n  r ees t ab l i shmen t  on S t .  Vincent Volcano (West I n d i e s )  
as r e l a t e d  t o  t h e  depth  of t h e  ash  . b l anke t .  Where t h e  ash cover was 
on ly  sha l low (implying a  depth range of 30 - 150 cm), vege ta t ion  
r e e s t a b l i s h e d  r e l a t i v e l y  quick ly .  He a t t r i b u t e d  t h i s  t o  p l a n t  p a r t s  
t h a t  su rv ived  under t h e  a sh  and s t a t e d  t h a t  much of t h e  vege ta t ion  
recovered  from b u r i e d  r o o t  systems,  and a l s o  from seeds .  However, t h e  
l a t t e r  exp lana t ion  i s  r a t h e r  ques t ionab le  and would need reexamination. 
Gates (1914),  s tudy ing  t h e  p l a n t  success ion  on Taal  volcano i n  the  
P h i l i p p i n e s  a l s o  observed t h a t  where p l a n t s  surv ived  t h e  e rup t ion ,  
e i t h e r  w i t h  t h e i r  a e r i a l  p a r t s  o r  r o o t s ,  t h e  rees tab l i shment  of vege- 
e t a t i o n  w a s  f a s t e r .  I n  h a b i t a t s  where t h e r e  was no evidence of p l a n t  
s u r v i v a l ,  and where t h e  vo lcan ic  s u b s t r a t e  contained no r e s i d u a l  
o r g a n i c  m a t e r i a l ,  t h e  r e v e g e t a t i o n  process  was much s lower.  Aston 
(1916) a l s o  a t t r i b u t e d  t h e  f a s t  recovery of vege ta t ion  on t h e  Tarawera 
mountain e r u p t i o n  s i t e  (New Zealand) i n  p a r t  t o  hold-over p l a n t s .  
Gr iggs  (1918, 1922) r epo r t ed  t h a t  a t  Mount Katmai, Alaska,  t h e  f i r s t  
p l a n t s  t o  appear  o r i g i n a t e d  from bur i ed  r o o t  systems. Some of t hese ,  
such  a s  Equisetum arvense ,  were found t o  grow through 30 t o  36 inches  
of ash .  The hold-over p l a n t  recovery was s o  rap id  i n  a r e a s  of ash 
f a l l o u t ,  t h a t  h e  had t o  t r a n s f e r  h i s  s tudy  t o  more deeply-buried s i t e s .  
Gr iggs  (1933) i n  p a r t i c u l a r  s t r e s s e d  t h e  importance of d i s t i n g u i s h i n g  
between hold-over p l a n t s  and new co lon ize r s .  
2. Upon complete d e s t r u c t i o n  of e x i s t i n g  p l a n t  communities seed 
s o u r c e s  f o r  new c o l o n i z a t i o n  may become a  l i m i t i n g  f a c t o r  (Rigg 1914, 
Eggler  1963) and new s u b s t r a t e s  may l a c k  organic  n i t rogen  e n t i r e l y  
(Griggs 1933, Tezuka 1961) o r  t h e  l e v e l  of organic  n i t rogen  may be  
v e r y  low (Eggler 1963).  From t h e s e  s t u d i e s  i t  becomes apparent  t h a t  
t h e  type  of c o l o n i z e r s  may be  i n  p a r t  a  func t ion  of t he  d e s t r u c t i o n  
e f f e c t s .  
Griggs (1933) found t h e  f i r s t  co lon ize r s  on the  deep ash d e p o s i t s  
on K a t m a i  t o  be  members of t h e  Jungermanniaceae ( l i v e r w o r t s ) ,  which 
a p p a r e n t l y  can grow on s u b s t r a t e s  almost devoid of organic  n i t rogen .  
Mosses and a l g a e  invaded only  a f t e r  n i t rogen  l e v e l s  had increased .  A 
l o c a l  i n c r e a s e  of n i t r o g e n  l e v e l s  on new m a t e r i a l s  was observed beneath 
mosses (Eggler  1963, Tagawa 1964).  I n  some t r o p i c a l  h a b i t a t s  the f i r s t  
c o l o n i z e r s  have been found t o  be a l g a e  (Treub 1888, Booth 1941, Doty 
1961, 1967).  However, t h e r e  a r e  obviously g r e a t  d i f f e r e n c e s  wi th  regard  
\' t o  s p e c i e s ,  popula t ion  d e n s i t y  and h a b i t a t .  Some i n v e s t i g a t o r s  thought 
t h a t  a l g a e  may supply  n i t r o g e n  f o r  h ighe r  p l a n t s .  Treub observed t h i c k  
0 c a r p e t s  of blue-green a l g a e  on t h e  new s u b s t r a t e s  of Krakatoa. He 
b e l i e v e d  t h a t  t h e s e  Cyanophyceae were t h e  f i r s t  p l a n t  co lon ize r s  forming 
t h e  germina t ion  medium f o r  t h e  es tab l i shment  of f e r n s .  Booth (1941) 
r e p o r t s  t h a t  a l g a e  were among t h e  f i r s t  co lon ize r s  of eroded s o i l s  i n  
t h e  South-Central U.S. He found a  complete covering of Myxophyceae t h a t  
extended over  hundreds of ac re s .  When Brown e t  a l .  (1917) found no 
--
a l g a e  on t h e  v o l c a n i c  s o i l s  of M t .  Taa l ,  they concluded t h a t  t h i s  
c o n d i t i o n  expla ined  t h e  pauc i ty  of v a s c u l a r  spec i e s .  I n  c o n t r a s t ,  Doty 
(1967b) observed t h a t  t h e  i n i t i a l l y  co lon iz ing  a l g a e  had l i t t l e  o r  no 
e f f e c t  i n  h e l p i n g  h i g h e r  p l a n t s  t o  g e t  e s t a b l i s h e d .  
Some i n v e s t i g a t o r s  have contended t h a t  h ighe r  p l a n t s  co loniz ing  
new v o l c a n i c  s u b s t r a t e s  must g e t  t h e i r  n i t rogen  from o t h e r  sources than 
n i t rogen- f ix ing  a l g a e .  E rns t  (1908) and Campbell (1909) i n  cont inuing 
t h e  Krakatoa s t u d y  found an  ae rob ic  n i t rogen-f ix ing  bacter ium i n  the  
new s o i l .  They a l s o  found abundant n i t rogen-f ix ing  b a c t e r i a  i n  t h e  
r o o t  nodules  of s e v e r a l  leguminous p l a n t s  on new vo lcan ic  s u b s t r a t e s .  
Campbell assumed t h a t  b a c t e r i a  were among the  f i r s t  p ioneer  c o l o n i z e r s ,  
and t h a t  t h e i r  p re sence  helped h ighe r  p l a n t s  t o  g e t  e s t a b l i s h e d  by 
p rov id ing  o r g a n i c  n i t r o g e n .  Gates (1914) r epo r t ed  t h a t  a  leguminous 
sh rub ,  Acacia f a r n e s i a n a ,  became quickly  e s t a b l i s h e d  on t h e  new s t e r i l e  
s o i l  of Taa l  volcano,  because t h e  p l a n t  was a s s o c i a t e d  wi th  ni t rogen-  
f i x i n g  b a c t e r i a ,  
n Apparent ly ,  a l g a e  do no t  p lay  such an important  r o l e  i n  o the r  
t r o p i c a l  h a b i t a t s . .  Hasselo and Swarbrick (1960) s tudying  a  s e c t i o n  of 
t h e  1959 l a v a  f low on Cameroons Mountain found creeping herbs  t h a t  were 
rooted  i n  und i s tu rbed  neighboring s o i l  t o  b e  t h e  f i r s t  co lon ize r s .  While 
they  noted  no d e f i n i t e  a l g a l  s t a g e ,  they found a lgae  t o  cover about 20% 
of  t h e  s u r f a c e .  They a l s o  drew a t t e n t i o n  t o  s easona l  v a r i a t i o n s  which 
were p a r t i c u l a r l y  shown by mosses and herbaceous p l a n t s .  Tagawa (1964) 
working on Sakuraj ima,  found e a r l y  development cha rac t e r i zed  by 
bryophytes  and l i c h e n s  and he  drew a t t e n t i o n  t o  t he  invas iona l  
d i f f e r e n c e s  between bryophytes ,  l i c h e n s  and h ighe r  p l a n t s ;  t h e  
cryptogams having  more u n i v e r s a l  means of d i s t r i b u t i o n  and t h e  h ighe r  
p l a n t s  be ing  more d i r e c t i o n a l l y  d i s t r i b u t e d  from seed source  cen te r s .  
Tezuka (1961) found t h a t  mosses and l i c h e n s  were not  important  on Oshima 
and t h a t  t h e i r  r o l e  a s  p ioneer  invaders  had been exaggerated by Clements. 
H e  a l s o  could n o t  recognize  the  s o  c a l l e d  "herbage" s t a g e .  However, a 
d i s t i n c t  herbaceous s t a g e  was recognized by Tagawa (1964) on 
Sakurajima. Also Mi l l ene r  (1953) claims t h a t  t he  c l a s s i c a l  sequence of 
algae-moss-fern-higher p l a n t  a r r i v a l  is  not  a p p l i c a b l e  i n  many h a b i t a t s  
on Rangi to to  volcano (New Zealand).  Instead. he  claims woody p l a n t s  
(Metrosideros exce l sa )  t o  b e  p ioneer  c o l o n i z e r s .  He exp la ins  the  mode 
of p ioneer  c o l o n i z a t i o n  by woody p l a n t s  a s  expansion of i s l a n d s  of 
f o r e s t s  t h a t  became e s t a b l i s h e d  a s  c i r c u l a r  co lon ize r s  i n  var ious  p l aces  
on a n  o the rwi se  uniform l a v a  su r f ace .  Mi l lener  (1965) a l s o  observed 
t h a t  of t h e  400 s p e c i e s  of vascu la r  p l a n t s  found on the  l ava  flows more 
than  h a l f  were non-nat ives .  
S imi l a r  t o  Forbes (1912) and Sko t t sbe rg ' s  (1941) f i nd ings  on the  
I s l a n d  of Hawaii, a  f e r n  s t a g e  was recognized by Keay (1959) on 
Cameroons Mountain, which was w e l l  e s t a b l i s h e d  14 years  a f t e r  
d e p o s i t i o n  of t h e  1922 lava  flow i n  a very  wet reg ion .  Shrubs became 
established 29 years after eruption, while ferns persisted. Keay 
reported 12 species of Ficus as pioneer trees. 
Tagawa (1966, 1968) also studied disseminule dispersal with cotton 
traps on Sakurajima. He found that several pioneer mosses were 
wind-dispersed by shoot fragments that would produce new plants. 
Spores were produced only during dry periods. The main reproductive 
mode appeared to be vegetative. He also noted that where topography 
influenced wind novkment, this factor was important in disseminule 
dispersal, perhaps even more so than the direct distance to the seed 
source. 
3. Different rates of invasion with regard to differences in 
substrates were observed by Eggler (1963) on El Paricutin. Plants were 
able to start on lava but not on unmodified ash. Mosses started in lava 
cracks where run-off water accumulated. Invasion rates were related to 
accumulation of wind-deposited ash that had sifted into cracks rather 
than to either a'a or pahoehoe lava. This observation is similar to 
that of Skottsberg (1941) on Hawaii. Eggler also observed faster 
colonization of mosses where soil water was locally augmented from 
condensation near steam vents. Earlier, however, Eggler (1941) noted a 
slower vegetation succession on a'a in southern Idaho, as did Forbes 
(1912) on Hawaii. Tagawa (1964) also found more mosses and lichens on 
rough lava (a'a) than on smooth at Sakurajima. Taylor (1957) found 
ash-particle size to be one of the major factors causing differences in 
C: 
plant establishment on recent volcanic deposits in New Guinea (Mt. 
Lamington, Waiowa Volcano, Mt. Victory). Plants tended to get started 
earlier and i n c r e a s e  more i n  cover  on t h i n  a s h  d e p o s i t s  than on deep 
ones.  H e  a t t r i b u t e d  t h i s  t o  t h e  f i n e r  m a t e r i a l  t h a t  was s o r t e d  out  a t  
t h e  margin of t he  a sh  b l anke t .  Here, t he  f i n e  m a t e r i a l  was assumed t o  
hold  more water than  t h e  c o a r s e r  ash  i n  t h e  deeper  p a r t s .  S i m i l a r l y ,  
Treub (1888) desc r ibed  t h e  deep Krakatoa pumice m a t e r i a l  a s  a very d ry  
s u b s t r a t e .  Dilmy (1965) observed t h a t  t h e  hard-crusted s o i l  on t h e  
1963 Agung volcano e r u p t i o n  s i t e  impeded new p l a n t  establ ishment .  
Su rv iva l  p l a n t s  were among the  f i r s t  t o  appear i n  t he  devas ta ted  a r e a ,  
however, bo th  t h e s e  and p ioneer  s tock  could only g e t  e s t a b l i s h e d  along 
s m a l l  r i v e r s  and on moist  s i t e s .  
Schwabe (1969),  Behre and Schwabe (1969),  repor ted  b r i e f l y  about 
t h e  i n i t i a l  p l a n t  c o l o n i z a t i o n  of Sur t sey ,  t h e  volcanic  i s l a n d  near  
Ice land  t h a t  su r f aced  i n  1963: A c t i v i t y  had ceased i n  1967. Within 
one y e a r  a f t e r  t h a t ,  they noted a dense cryptogamic f l o r a  i n  and around 
fumarol ic  a r e a s .  They l i s t e d  e i g h t  s p e c i e s  of blue-green a lgae  (one of 
them a n i t r o g e n - f i x e r ) ,  t h r e e  spec i e s  of mosses, and a l a r g e  number of 
diatoms. Th i s  i n i t i a l  co lon iza t ion  was p a r t i c u l a r l y  a s soc i a t ed  wi th  
sma l l  a sh  mounds nea r  fumaroles.  The vapor steam of the  fumaroles had 
appa ren t ly  caused t h e  formation of t hese  minia ture  dunes by binding f i n e  
air-blown ash  p a r t i c l e s  through mois ture  condensation. The au thors  
r e f e r  t o  t h e s e  l o c a l l y  f avo rab le  s u b s t r a t e s  a s  "oases" and say t h a t  they 
make up about  13% of t h e  t o t a l  new s u r f a c e  a rea .  Occasional germinants 
of herbaceous seed p l a n t s  were observed nea r  t he  c o a s t a l  po in t s  where 
seed  was a p p a r e n t l y  i n a d v e r t e n t l y  introduced wi th  supp l i e s .  However, 
none of t h e s e  h ighe r  p l a n t s  have exh ib i t ed  a community type 
e s t ab l i shmen t .  
<' 
The a n a l y s i s  of p rev ious  s t u d i e s  has  shown t h a t  a l though some 
s i g n i f i c a n t  i n v a s i o n  p a t t e r n s  have been recognized,  t h e r e  a r e  s t i l l  gaps 
i n  the  knowledge. For  example, a lgae  seem t o  always be among t h e  f i r s t  
i nvade r s ,  p a r t i c u l a r l y  where t h e r e  a r e  no su rv iv ing  p l a n t s .  But t h e i r  
s i g n i f i c a n c e  i n  terms of abundance and i n t e r a c t i o n  wi th  o the r  l i f e  forms 
h a s  been v e r y  d i f f e r e n t l y  eva lua ted .  I n  some s t u d i e s  a lgae  a r e  be l i eved  
t o  provide  t h e  necessary  o rgan ic  n i t r o g e n  f o r  h igher  p l a n t s  o r  t o  form 
a t  l e a s t  an  impor tan t  germinat ion medium f o r  t h e s e ,  whi le  from o the r  
s t u d i e s  t h e  r o l e  of a l g a e  seems completely independent and wi thout  
r e l a t i o n  t o  t h e  o t h e r  p l a n t  l i f e  forms. Lichens and bryophytes appear 
t o  b e  s i g n i f i c a n t  on ly  i n  c e r t a i n  c l ima te s .  Ferns  seem even f u r t h e r  
r e s t r i c t e d ,  because  t h e i r  p resence  i s  n o t  o f t e n  emphasized o u t s i d e  t h e  
t r o p i c s .  Vascular  p l a n t s  can be among t h e  f i r s t  p ioneers ,  b u t  t h e i r  
appearance seems t o  b e  r e l a t e d  t o  t h e  degree  of vo lcan ic  d e s t r u c t i o n ,  
which makes t h e i r  r o l e  a s  " t rue" p ionee r s  somewhat ques t ionable .  
The review shows a l s o  t h a t  i t  seems d i f f i c u l t  t o  d e f i n e  h a b i t a t s  
b e f o r e  any d e f i n i t e  community p a t t e r n  i s  e s t a b l i s h e d .  This  is  r e f l e c t e d  
i n  t h e  r a t h e r  g e n e r a l  d e s c r i p t i o n s  of v o l c a n i ~  environments. 
Long-term obse rva t ions  of t h e  same a r e a s  a r e  fragmentary a t  b e s t .  
This  r e l a t e s  t o  t h e  l i s t i n g  of s p e c i e s  and l i f e  forms a s  w e l l  a s  the  
assessment  of a s s o c i a t e d  h a b i t a t  f a c t o r s .  Very l i t t l e  emphasis has  been 
g iven  t o  t h e  r e l a t i o n s h i p  of l i f e  forms t o  one another  and t o  t he  
h a b i t a t  complex. Changes i n  v e g e t a t i o n  s t r u c t u r e  a r e  only vaguely 
documented. Photographic  r eco rds  of t h e  same vo lcan ic  h a b i t a t s  over a  
pe r iod  of t ime a r e  almost  unavai lab le .  There seems t o  be  a  near  t o t a l  
l a c k  of s y s t e m a t i c  and q u a n t i t a t i v e  r eco rds .  While spec i e s  l is ts  have 
been publ i shed  f o r  c e r t a i n  p ioneer  and l a t e r  succes s iona l  s t a g e s ,  t h e r e  
seem t o  b e  no cont inuous r eco rds  of i n c r e a s e  and f l u c t u a t i o n  i n  s p e c i e s  
numbers i n  t h e  same a r e a  through a sequence of years .  
THE STUDY AREA 
Geology 
The p i t  c r a t e r  Kilauea I k i  and the  a r e a  devastated i n  1959 a r e  
a d j a c e n t  t o  t he  n o r t h e a s t e r n  r i m  of t he  Kilauea volcano c a l d e r a  i n  
Hawaii Volcanoes Nat iona l  Park on t h e  i s l a n d  of Hawaii (FIG. 1 ) .  The 
whole a r e a  is near  1200 m i n  e l e v a t i o n .  
Ki lauea  i s  a s h i e l d  volcano t h a t  r i s e s  approximately 6100 m from 
t h e  ocean f l o o r  and 1239 m above s e a  l e v e l .  I ts summit a r ea  c o n s i s t s  
of a c a l d e r a  t h a t  i s  4 km long and 3.2 km wide. This ca lde ra  formed by 
subs idence  when magma was withdrawn from beneath the  summit (Stone 1926).  
The main v e n t  of Kilauea i s  a co l l apsed  c r a t e r  i n  the  f l o o r  of t h e  
summit c a l d e r a ,  c a l l e d  Halemaumau. 
Up t o  t h e  1959 e r u p t i o n  t h e  volcano had erupted about once every 
f o u r  yea r s .  A chronology of t h e  h i s t o r i c  e rup t ions  f o r  Kilauea and 
Mauna Loa has  been publ ished by Macdonald and Hubbard (1966). 
Macdonald (1962) r e p o r t s  t h a t  two h i s t o r i c  e rup t ions  have occurred i n  
o r  a d j a c e n t  t o  Kilauea I k i  p r i o r  t o  t h e  1959 erupt ion .  1n 1868 a 
f i s s u r e  opened i n  the  southwest w a l l  and l a v a  poured i n t o  the  c r a t e r .  
I n  1832 t h e r e  was an e r u p t i o n  on Byron Ledge, a r i m  t h a t  s e p a r a t e s  
e: 
Kilauea  I k i  from the  main ca lde ra .  A t  t h a t  t ime, l a v a  poured i n t o  bo th  
Ki lauea  c a l d e r a  and Kilauea I k i .  
I.. 
FIG. 1. Map showing l o c a t i o n  of Kilauea I k i  c r a t e r  i n  r e f e rence  
t o  Hawaii Volcanoes Nat iona l  Park and the P a c i f i c  Basin. 
The most common l a v a  of t h e  Hawaiian volcanoes i s  o l i v i n e  b a s a l t  
(Macdonald and Katsura  1961).  
The December 1959 e r u p t i o n  
Wentworth (1966) desc r ibed  t h e  d e v a s t a t i n g  cha rac t e r  of t h e  
e rup t ion .  A s  l a v a  poured i n t o  the  c r a t e r  from a r i f t  i n  the  c r a t e r  w a l l  
i t  consumed t h e  o h i a  (Metrosideros)  f o r e s t  on t h e  f l o o r  and a l l  
v e g e t a t i o n  on t h e  c r a t e r  w a l l  up t o  115 m from the  r i m .  P r i o r  t o  t h e  
1959 e r u p t i o n ,  Ki lauea  I k i  c r a t e r  was approximately 250 m deep. Af t e r  
t h e  e r u p t i o n  t h e  l a v a  l a k e  i n  the  c r a t e r  ro se  t o  a  depth of 140 m. Heat 
from t h e  r i s i n g  l a v a  l a k e  soon superdr ied  t h e  remaining vege ta t ion  and 
numerous f i r e s  occurred  which burned v e g e t a t i o n  i n  s t r i p s  on t h e  upper 
s i d e s  of t h e  c r a t e r  wal l .  
The d e v a s t a t e d  v e g e t a t i o n  took on a  d i f f e r e n t  c h a r a c t e r  where t h e  
p y r o c l a s t i c  m a t e r i a l  f e l l .  Wentworth observed t h a t  during the  s h o r t  
v i o l e n t  phases  of f o u n t a i n i n g ,  c inde r s  and cobble-sized chunks of l a v a  
accumulated a t  t h e  SW s i d e  a t  t he  r a t e  of  s e v e r a l  decimeters  i n  depth 
p e r  hour.  These e j e c t a  bur ied  a  cons iderable  a r ea  of f o r e s t  and s t r i p p e d  
t h e  t r e e s  i n  t h e  leeward and surrounding a r e a  of t h e i r  l eaves ,  ba rk ,  and 
small branches .  
Wentworth recognized 4 major b e l t s  of d e s t r u c t i o n  a s  the  pumice and 
s p a t t e r  b l a n k e t  developed. I n  t h e  f i r s t  b e l t ,  SE of the  v e n t ,  t h e r e  
were no remains of t h e  former v e g e t a t i o n  as i t  was covered wi th  a  deep 
mantle  of p y r o c l a s t i c s .  This i s  t h e  a r e a  of t h e  pumice cone and i t s  
sur roundings .  
Next t o  t h i s  was an a r e a  of t r e e  molds, where many t r e e s  exploded 
n 
from ove rhea t ing  and were then  consumed by f i r e .  The t r e e  molds a r e  
0 t runk-s ized  i m p r i n t s  i n  t he  s p a t t e r  b l anke t  t h a t  were formed through 
sudden c h i l l i n g  of t h e  glowing p y r o c l a s t i c  f a l l o u t ,  where i t  surrounded 
tree t runks  i n  t h i s  zone. 
This  t ree-snag zone was r ep l aced  a t  a  f u r t h e r  d i s t a n c e  by another  
zpne where t h e  t r e e s  were s e v e r e l y  exco r i a t ed  from f a l l e n  pumice and 
c l o t s  of l a v a ,  b u t  showed s i g n s  of recovery i n  a  few weeks. Thei r  t runks  
became h e a v i l y  covered wi th  a new growth of l eaves .  Within weeks a f t e r  
t h e  e r u p t i o n ,  t h e s e  s u r v i v i n g  Metros ideros  t r e e s  showed abundant 
f l ower ing .  
Although Wentworth r e p o r t e d  fume damage t o  some of t h e  v e g e t a t i o n  
o u t s i d e  t h e  devas t a t ed  a r e a ,  he  cons idered  the  damage minor a s  compared 
t o  p a s t  e r u p t i o n s .  However, t h e  fume was s u r p r i s i n g l y  a c i d  a t  l e a s t  
l o c a l l y .  Murata (1966) found t h e  s team condensate from the  c inde r  cone 
d u r i n g  t h e  e r u p t i o n  t o  have a  1.9 N H C 1  concent ra t ion .  
Cl imate 
The c l i m a t e  of t h e  s tudy  a r e a  i s  t r o p i c a l  montane. This  impl ies  
t h a t  t h e  temperature i s  moderately c o o l  throughout the  yea r .  
The mean monthly a i r  temperature va lues  remain below 20°C 
throughout  t h e  y e a r ,  and may v a r y  l i t t l e ,  between about 14°C i n  the  
w i n t e r  t o  about  17°C i n  t h e  summer. The mean annual temperature a t  
Hawaii Volcanoes Nat iona l  Park Headquarters  (near  1200 m e l e v a t i o n )  i s  
15.g°C (Doty and he l le r -Dombois  1966).  The Park Headquarters s t a t i o n  is  
abou t  2 km NE of Kilauea I k i  a t  approximately the same e l e v a t i o n .  F r o s t  
- h a s  never  been recorded i n  t h e  meteoro logica l  s h e l t e r ,  b u t  minimum 
t empera tures  a s  low a s  3" t o  4OC a r e  n o t  uncommon i n  February. However, 
ground f r o s t  occu r r ed  i n  December,l969 i n  a l l  lower l y i n g  a r ea s  a t  t he  
Ki lauea  summit l e v e l .  
The mean annual  r a i n f a l l  a t  Kilauea I k i  i s  a t  l e a s t  a s  h igh  a s  a t  
t h e  Headquar te r ' s  s t a t i o n  f o r  which long-term reco rds  a r e  a v a i l a b l e .  The 
24-year mean annua l  r a i n f a l l  a t  t h e  Headquarters  is 2400 mm. For t h e  
y e a r s  1967 and 1968 t h e  mean was 2873 mm, when the  record  f o r  t he  same 
p e r i o d  i n  Ki lauea  I k i  c r a t e r  showed 3280 mm a s  recorded on FIG. 3,  p. 70. 
Annual r a i n f a l l  a t  t h e  Headquarters  has  v a r i e d  from a s  high a s  4350 mm 
i n  1918 t o  a s  low a s  1210 mm i n  1908. Yet ,  t h e s e  a r e  the  g r e a t e s t  
extremes recorded  s i n c e  1899. I n s p e c t i o n  of t h e  annual  records  (Doty 
and Mueller-Dombois 1966) shows t h a t  du r ing  67% of t h e  yea r s  t he  v a l u e s  
are between 2000 and 2500 mm. S imi l a r  annual  r a i n f a l l  v a r i a t i o n s  can be  
expected a t  K i l auea  I k i .  Both a r e a s  a r e  surrounded by Metrosideros- 
Cibotium r a i n  f o r e s t s .  
The mean monthly r a i n f a l l  a t  t h e  Headquarters  s t a t i o n  i s  i n  excess  
of 100 mm each month except  i n  June ,  when i t  may drop t o  90 mm. 
A g r a d i e n t  of about  1000 m drop i n  annual  r a i n f a l l  was found t o  
occur  from Ki l auea  I k i  t o  t h e  south  end of t h e  s tudy  a r e a  i n  t he  upper 
Kau Desert. Here, i n  t h e  upper Kau D e s e r t ,  t h e  two-year mean f o r  
1967-68 was 2203 mm a s  shown on FIG. 3. I n  accordance w i th  t h e  two-year 
and long-term mean d i f f e r e n c e  a t  Headquarters ,  one may s u b t r a c t  about  
500 mm t o  o b t a i n  a long-term mean r a i n f a l l  of about  1700 mm i n  t h e  upper 
Kau Desert a t  t h e  end of t r a n s e c t  AA' (FIG. 2) .  The long-term mean a t  
Halemaumau c r a t e r  was 1300 mm (Doty and Mueller-Dombois 1966).  Here a 
summer-drought p r e v a i l s  from June through September, which appears  t o  
o c c u r . a l s o  i n  t h e  sou the rn  s tudy  a r e a ,  a l though of somewhat l e s sened  
i n t e n s i t y .  
Thus, t h e  s tudy  a r e a  ex tends  from a montane t r o p i c a l  r a i n  f o r e s t  
climate i n  t h e  n o r t h  (Ki lauea  I k i )  t o  a  montane t r o p i c a l  s ea sona l  f o r e s t  
climate i n  t h e  sou th  (upper Kau D e s e r t ) .  This i s  ind i ca t ed  a l s o  by t h e  
o r i g i n a l  v e g e t a t i o n  type  boundary a s  shown on FIG. 2 ,  p. 69. 
The o r i g i n a l  v e g e t a t i o n  
The v e g e t a t i o n  t h a t  was p r e s e n t  b e f o r e  t he  1959 e r u p t i o n  had never  
been  sampled d i r e c t l y .  However, a  v e g e t a t i o n  map 
12,000 was prepared  f o r  t h e  whole Park a r e a  (Doty 
1966) .  This  map was based on a i r  photos  taken i n  
a t  t h e  s c a l e  of 1 : 
and Mueller-Dombois 
1954. Three major 
v e g e t a t i o n  types  were recognized i n  t h e  s tudy  a r e a  b e f o r e  t he  e r u p t i o n .  
They form a sequence from n o r t h  (Kilauea I k i  Cra te r )  t o  sou th  Kau 
Dese r t )  a long  t h e  r a i n f a l l  g r a d i e n t  d i s cus sed  before .  
1. Closed Metrosideros-Cibotium f o r e s t .  This is t h e  dominan t , r a in  
f o r e s t  type  i n  t h e  Pa rk ,  which occurred formerly i n  t h e  no r the rn  
p a r t  of t h e  devas t a t ed  a r ea .  The f o r e s t  i s  cha rac t e r i zed  by an  
upper ,  a lmost  pu re ,  l a y e r  of Metrosideros  polymorpha t r e e s  and 
a  shrub l a y e r ,  dominated by Cibotium glaucum t r e e  f e r n s .  
Another t a l l  f e r n ,  S a d l e r i a  cya theoides  i s  commonly 
a s s o c i a t e d  w i th  Cibotium i n  t h i s  a r e a .  Sca t t e r ed  sma l l  t r e e s  
and t a l l  shrubs  i n c l u d e  Myrsine l e s s e r t i a n a ,  I l e x  anomala, 
-
Gouldia t e r m i n a l i s ,  Vaccinium calycinum, among o t h e r s .  The 
herbaceous undergrowth is  u s u a l l y  t h i n  and inc ludes  B r i z a  minor, 
I sachne  d i s t i c h o p h y l l a ,  Gahnia gahniaeformis ,  Hedyotis 
c e n t r a n t h o i d e s  and Cibotium s e e d l i n g s .  A more complete  
d e s c r i p t i o n  is  g i v e n  by Mueller-Dombois (1966) and Newell 
2. C losed  M e t r o s i d e r o s  w i t h  n a t i v e  s h r u b s .  Cibotium i s  a b s e n t  and 
t h e  most common s h r u b s  a r e  S t y p h e l i a  tameiameiae,Vaccinium 
r e t i c u l a t u r n ,  Dodonaea v i s c o s a ,  Dubau t ia  c i l i o l a t a , '  
W i l k s t r o e m i a  sandwicens i s  and Coprosma e rnodeo ides .  The t a l l  
f e r n ,  S a d l e r i a  c y a t h e o i d e s  i s  o f t e n  p r e s e n t  a l s o  i n  t h i s  t y p e ,  
b u t  t h e  s h r u b  composi t ion is  o t h e r w i s e  q u i t e  d i f f e r e n t  from 
t h e  f i r s t  d e s c r i b e d  r a i n  f o r e s t  type.  T h i s  f o r e s t  j o i n s  t h e  
Met ros ideros -Cibo t ium f o r e s t  where r a i n f a l l  becomes more 
s e a s o n a l .  (The boundary is  i n d i c a t e d  on FIG. 2 . )  
Open M e t r o s i d e r o s  f o r e s t  w i t h  n a t i v e  s h r u b s  and Andropogon 
g r a s s  s p e c i e s .  The two Andropogon s p e c i e s  a r e  t h e  in t roduced  
A. v i r g i n i c u s  and A. g l o m e r a t u s ,  which occupy a  dominant 
- 
p o s i t i o n  i n  t h e  h e r b  l a y e r .  Otherwise ,  t h i s  v e g e t a t i o n  t y p e  is  
f l o r i s t i c a l l y  s i m i l a r  t o  t h e  above. The Andropogon g r a s s  
s p e c i e s  were  a minor p a r t  of t h e  v e g e t a t i o n  i n  1954,  however, 
when f i e l d  checks  of t h e  1954 a e r i a l  pho tos  were made i n  1966,  
t h e s e  s p e c i e s  formed a conspicuous  component. 
The new v o l c a n i c  h a b i t a t s  
A s u r v e y  of t h e  d e v a s t a t e d  a r e a  a f t e r  t h e  e r u p t i o n  r e v e a l e d  s e v e r a l  
d i f f e r e n t  h a b i t a t s .  I t  was reasoned  t h a t  t h e s e  c o u l d  n o t  b e  lumped 
P 
t o g e t h e r  a t  t h e  s tar t ,  b u t  would have t o  b e  s t u d i e d  i n d i v i d u a l l y  t o  
e v a l u a t e  e f f e c t i v e l y  t h e  r e v e g e t a t i o n  p r o c e s s e s  a t  Ki lauea .  There  were 
v e g e t a t i v e  growth had always been s p a r s e  and of d e s e r t - l i k e  c h a r a c t e r .  
The area i s  known a s  t he  upper Kau Dese r t .  Yet ,  the  d e s e r t  c h a r a c t e r  of 
t h i s  a r e a  i s  n o t  a t t r i b u t a b l e  t o  t h e  summer-drought c l ima te ,  b u t  r a t h e r  
areas where a l l  t h e  o r i g i n a l  v e g e t a t i o n  was completely bu r i ed  by new 
v o l c a n i c  m a t e r i a l s  w i t h  no r e s i d u e s  of organic  mat te r  l e f t  a t  t he  
s u r f a c e .  Other  a r e a s  showed dead s t and ing  and f a l l e n  t r e e s .  These were 
i n  p a r t  b l anke ted  w i t h  d i f f e r e n t  k inds  of p y r o c l a s t i c s  ( s p a t t e r  and 
pumice). S t i l l  o t h e r  a r e a s  showed p l a n t s  t h a t  survived t h e  ash  f a l l o u t .  
Superimposed on t h e s e  v a r i a t i o n s  i n  volcanic  d e s t r u c t i o n  was t h e  
climatic g r a d i e n t  from humid t o  summer-drought. I n  t h e  l a t t e r  c l ima te ,  
t o  c e r t a i n  p e c u l i a r i t i e s  of t h e  s u b s t r a t e ,  which w i l l  b e  d iscussed  
later. The h a b i t a t s  were c l a s s i f i e d  according t o  t he  presence o r  absence 
of remnant v e g e t a t i o n  and the  a s s o c i a t e d  vo lcan ic  s u b s t r a t e .  It was 
assumed t h a t  d i f f e r e n c e s  i n  succes s ion  could be expected i n  h a b i t a t s  
f r e e  of o r g a n i c  r e s i d u e s  and i n  t hose  where dead o r  l i v i n g  p l a n t  
materials remained. 
Following i s  a  d e s c r i p t i o n  of t h e  s i x  h a b i t a t s  recognized. Thei r  
geographic o u t l i n e s  a r e  mapped on FIG. 2 .  The h a b i t a t s  a r e  sketched i n  
p r o f i l e  on t h e  two diagrams (FIG. 3 and 4 ) .  
H a b i t a t  1. Massive l a v a  wi th  j o i n t  c racks  (56 ha).--This h a b i t a t  
i n c l u d e s  t h e  l a v a  l a k e  and h igh  slump s c a r p s  on the  Kilauea I k i  c r a t e r  
f l o o r  (FIG. 3 ,  segment 1 ) .  The l a v a  l a k e  c o n s i s t s  of massive pahoehoe 
l a v a  w i t h  many j o i n t  c racks  and c r e v i c e s .  Af t e r  t he  e r u p t i o n ,  t h i s  a r ea  
w a s  comple te ly  b a r r e n  of l i f e .  Many c r e v i c e s  became fumaroles a s  
r a inwa te r  permeated the  l a v a  l a k e ' s  t h i n  c r u s t  and came i n  c o n t a c t  w i th  
e 
t h e  h o t  i n t e r i o r .  
I L A U E A  CALDERA 
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ERUPTION SITE ( CRATER FLOOR AND 
1 I I 
MTERS PYROCLASTlC DEPOSIT ) 
FIG. 2. H a b i t a t  types  of t h e  1959 Ki lauea  I k i  e rup t ion  s i t e .  

HABITAT PROFILE - NOS. 2,3,4,!5 OF TRANSECT B-B' 
METERS 
751- 
APPROXIMATE MEAN ANNUAL AIR TEMPERATURES AND 
MEAN ANNUAL RAINFALL FOR 1967 AND 1968 
UNDEVASTATED 
METROSIDEROS METROSIDEROS - 
CIBOTIUM FOREST 
15 
BURIED FOREST 
____ 
ORIGINAL SUBSTR 
WEATHERED REGOSOL 
WITH HIGH ORGANIC MATTER 
45 I- 1 1 DEAD TREES (METROSIDEROS ) 
TREES OF DEEP BURIAL THAT 
DEVELOPED SECONDARY ROOTS 
- AND NUMEROUS AERIAL SHOOTS 
(METROSIDEROS 
+LAVA FLOWS ---+ SURVIVING SHRUBS WlTH * SECONDLtRY ROOTS (VACCINIUM,ETC ) 
CIBOTIUM TREE FERN 
* SADLERIA FERN 
0 NATIVE SHRUBS (VACCINIUM 
STYPHELIA, ETC.) 
/b AERIAL ROOTS (METROSIDEROS) 
HERBACEOUS VEGETATION 
(NEPHROLEPIS , ETC.) 
AERIAL SHOOTS FROM TREES 
SURVIVING WELDED SPATTER 
LAYER ( METROSIDEROS ) 
FIG. 4. Southeast-northwest profile of eruption site extending 
from the undevastated forest into Kilauea caldera. 
The w a l l  on t h e  n o r t h e a s t  s i d e  of t h e  crater rises t o  115 m. From 
t h i s  d i r e c t i d n  t h e  p r e v a i l i n g  tradewind c a r r i e s  some d u s t  and organic  
I 
m a t e r i a l s  ( l e a v e s ,  s eeds ,  e t c . )  from t h e  a d j a c e n t  r a i n  f o r e s t  on to  the  
c r a t e r  f l o o r .  The major disseminule supply can be considered t o  come 
from t h e  sur rounding  undevastated c losed  Metrosideros-Cibotium r a i n  
f o r e s t .  
Hab i t a t  2. Cinder cone (19 ha).--Included here  a r e  the  summit and 
s i d e s  of t h e  c i n d e r  cone Puu Puai  which i s  46 m high above t h e  c r a t e r  
r i m  (FIG. 3 and 4 ,  segment 2 ) .  The cone c o n s i s t s  of p y r o c l a s t i c  
m a t e r i a l s  t h a t  v a r y  from l ight-weight  g l a s s y ,  pumiceous p a r t i c l e s  t o  
t h i c k ,  heavy, welded masses of s p a t t e r .  The h o t  i n t e r i o r  has steamed 
cont inuous ly  f o r  s e v e r a l  y e a r s ,  and a t  t he  summit a r ea  l a r g e  amounts of 
secondary mine ra l s  have been depos i ted .  The summit has  numerous deep 
f i s s u r e s ,  and on i t s  n o r t h e a s t  s i d e  l a r g e  s lough-offs  have occurred.  
Only t h e  southwes tern  p a r t  of t he  summit and s lopes  e x h i b i t s s t a b i l i t y .  
The c l i m a t e  h e r e  is  s i m i l a r l y  humid a s  i n  Hab i t a t  1. However, the  
t radewinds blow s t r o n g l y  and cont inuously over  the  cone. During some 
p e r i o d s ,  winds of 65 t o  75 kph have been measured. S imi la r  t o  h a b i t a t  
1, t h e  cone h a b i t a t  cons i s t ed  e n t i r e l y  of b a r r e n  volcanic  m a t e r i a l s .  Its 
major d isseminule  sou rce  can a l s o  b e  considered t o  come from the  north-  
east from t h e  c losed  Metrosideros-Cibotium r a i n  f o r e s t .  
H a b i t a t  3 .  S p a t t e r  a r e a  wi th  t r e e  snags (6 ha) .--The sur f  ace 
s u b s t r a t e  c o n s i s t s  of t h i c k  welded s p a t t e r  ( a  form of p y r o c l a s t i c  
m a t e r i a l  w i th  a  d e n s i t y  > 1 )  which p i l e d  up t o  a  meter o r  more around 
t h e  f o r e s t  t r e e s  k i l l i n g  most of them (FIG. 4 ,  segment 3 ) .  Where the  
. s p a t t e r  was t h i n  a t  t h e  margin of t h i s  f a l l o u t ,  a  few t r e e s  survived.  
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They l a t e r  r e sp rou ted  from bur i ed  t runk  bases  o r  r o o t  systems. The 
r a i n f a l l  on t h i s  h a b i t a t  was about  3000 mm pe r  year  f o r  the  two yea r s  
1967-68, s i m i l a r  t o  h a b i t a t s  1 and 2 ( s e e  FIG. 3 and 4 ) .  The p o s i t i o n  
of h a b i t a t  3 ,  n e x t  t o  a  r e l a t i v e l y  undis turbed ,  spec ies - r ich  c losed  
Metrosideros-Cibotium f o r e s t ,  provided undoubtedly f o r  a  more abundant 
supply  of d i s seminu le s  than  a r r i v i n g  i n  h a b i t a t  2.  A board walk f o r  
park v i s i t o r s  was cons t ruc t ed  through h a b i t a t  3 .  This  a l s o  may have 
c o n t r i b u t e d  t o  a n  occas iona l  a r r i v a l  of man-carried disseminules .  Many 
of t h e  dead t r e e s  i n  h a b i t a t  3 remained s t and ing .  They ac ted  a s  l o c a l  
i n t e r c e p t o r s  of wind-driven r a i n .  I n  t h i s  manner, they provided 
f a v o r a b l e  m i c r o h a b i t a t s  f o r  p ioneer  p l a n t s  and animals.  
H a b i t a t  4. Pumice a r e a  wi th  t r e e  snags (31 ha).--The pumice depth  
v a r i e d  from approximately 1 2  m t o  30 cm i n  t h i s  h a b i t a t .  Pumice is 
de f ined  a s  p y r o c l a s t i c  m a t e r i a l  w i t h  a  d e n s i t y  < 1. Much of t h i s  a r e a  
is on t h e  leeward s i d e  of t he  c inde r  cone (FIG. 3 ,  segment 4 ) .  This 
r e s u l t e d  i n  some p r o t e c t i o n  from t h e  p r e v a i l i n g  winds. R a i n f a l l  i s  
decreased  over  t h i s  h a b i t a t  r e l a t i v e  t o  t h e  o t h e r  t h ree  ( see  r a i n f a l l  
g r a d i e n t  i n d i c a t e d  on FIG. 3 ) .  Here, t h e  o r i g i n a l  f o r e s t  was deeply 
b u r i e d ,  s o  t h a t  on ly  dead t r e e s  remained w i t h  t h e i r  top p a r t s  above the  
ash  b l anke t .  They seldom f e l l  under t h e  wind p re s su re ,  except  a t  the  
e a s t e r n  and wes t e rn  edges of t h e  h a b i t a t  where the  ash b lanket  was t h i n .  
This  h a b i t a t  probably rece ived  a less abundant supply of d i sseminules  
t han  the  o t h e r  t h r e e  h a b i t a t s ,  because of g r e a t e r  d i s t ance  from the  
3 sur rounding  undestroyed vege ta t ion .  
I n  s e v e r a l  p l a c e s  along t h e  deepes t  p a r t  of t he  f a l l o u t  (FIG. 4 ,  
t r a n s e c t  AA') i n  t h i s  h a b i t a t ,  and t h a t  of h a b i t a t  5 ,  s e v e r a l  smal l  
c r a t e r - l i k e  slumps occurred  where ash  f i l t e r e d ,  a f t e r  the  b l anke t  had 
formed, i n t o  ear thquake  c racks  i n  t h e  o l d  substratum. These a r e a s  of 
subs idence  v a r y  from one t o  s e v e r a l  meters  i n  width o r  diameter  and they  
can  b e  up t o  5 meters  deep. 
H a b i t a t  5. Pumice a r e a , w i t h  s u r v i v i n g  t r e e s  (125 ha).--The pumice 
l a y e r  v a r i e s  from approximately 3 m t o  30 cm i n  depth along t r a n s e c t  
AA' (FIG. 2 and 3 ) .  Here, n e a r l y  a l l  Met ros ideros  t r e e s  surv ived .  
Being lee of t h e  cone and s l o p i n g  g e n t l y  i n  a southwest d i r e c t i o n ,  t h i s  
h a b i t a t  is  somewhat p r o t e c t e d  from t h e  p r e v a i l i n g  wind. However, i t  
r e c e i v e s  g r e a t e r  i n s o l a t i o n  i n  t h e  lower s e c t o r s  because of decreased 
cloud cover .  The j o i n t  boundary wi th  h a b i t a t  4 ac ros s  t r a n s e c t  AA' 
c o i n c i d e s  approximately wi th  t h e  mapped boundary between the  o r i g i n a l  
r a i n  and s e a s o n a l  f o r e s t s  (FIG. 2 ) .  
H a b i t a t  6 .  Thin f a l l o u t  a r e a  (263 ha).--Here, i n  t h e  upper Kau 
Desert, t h e  pumice beg ins  w i th  a depth  of  30 cm and decreases  a t  t h e  
sou th  end of t h e  f a l l o u t  area t o  2.5 cm o r  less (FIG. 3 ) .  Because of t h e  
t h i n  cover  of pumice w i t h  a d e n s i t y  of < 1, t h e  pumice p a r t i c l e s  may be  
moved about  e a s i l y  du r ing  heavy showers. This  movement i s  f u r t h e r  
f a c i l i t a t e d  by a p a r t i a l l y  cemented ash-crus t  t h a t  formed the  former 
h a b i t a t  s u r f a c e .  The p a r t i a l  cementat ion of t h i s  former s u r f a c e  was the  
r e s u l t  of p h r e a t i c  explos ions  a t  Halemaurnau (Powers 1948).  The s u b s t r a t e  
is  thus  v e r y  u n s t a b l e .  The pumice i s  of f i n e r  p a r t i c l e  s i z e  than i n  
o t h e r  h a b i t a t s  and i s  made up l a r g e l y  of f i n e  b l ack ,  g l a s s - l i k e  
fragments  and some long t h i n  th reads  of g l a s s ,  c a l l e d  P e l e ' s  h a i r .  The 
v e g e t a t i o n  i s  c h a r a c t e r i z e d  by widely s c a t t e r e d ,  s h o r t  Metrosideros 
t r e e s  and n a t i v e  sh rubs .  The woody p l a n t s  grow i n  cracks and c rev ices  
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and i n  d e p o s i t s  of t h e  hard-crusted ash .  A cloud cover  seldom extends 
t o  t h i s  h a b i t a t  w h i l e  cloud cover  i s  a r e g u l a r  phenomenon over  h a b i t a t s  
1 through 4. The re fo re ,  h a b i t a t  6 r e c e i v e s  a l a r g e r  amount of sunshine  
than  t h e  o t h e r s .  Many deformed shrubby Metrosideros t r e e s  a r e  b e n t  
towards t h e  SW away from t h e  d i r e c t i o n  of t h e  tradewind t h a t  blows from 
t h e  summit area of  Ki lauea .  
METHODS 
Vegeta t ion  sampling 
P l a n t  s p e c i e s  were l i s t e d  p e r i o d i c a l l y  i n  permanent p l o t s .  These 
p l o t s  were a r r anged  i n  a t ransec t -sys tem a c r o s s  the  s tudy  a r e a  (FIG. 2) .  
On Ki lauea  I k i  c r a t e r  f l o o r  ( h a b i t a t  1 )  fou r  1-m wide b e l t  
t r a n s e c t s  were l a i d  o u t .  Each of t h e s e  begins  a t  t he  c r a t e r  f l o o r  
margin; t r a n s e c t  a a t  t h e  NE s i d e ,  b a t  t h e  NW s i d e ,  c a t  the  SW s i d e  
and d a t  SE s i d e .  The f o u r  t r a n s e c t s  j o i n  i n  t he  c e n t e r  of t h e  c r a t e r  
f l o o r  i n  t h e  form of a c r o s s .  Each 1-m wide b e l t  t r a n s e c t  was 
subdiv ided  i n t o  1 m segments,  forming cont iguous square meter p l o t s .  
The number of  squa re  meter p l o t s  was determined by the  t r a n s e c t  l e n g t h ,  
which is  f o r  t r a n s e c t  a = 320 m y  b = 385 m, c = 340 m and d = 400 m. 
The o t h e r  f i v e  h a b i t a t s  were sampled wi th  f i v e  t r a n s e c t s .  One 
t r a n s e c t  ex t ends  i n  a NE d i r e c t i o n  p a r a l l e l  t o  t he  p r e v a i l i n g  tradewinds 
AA',  a second one BB' is  a t  a r i g h t  ang le  t o  t h e  tradewinds. This  forms 
a c r o s s  w i t h  t h e  f i r s t  one (AA') on t h e  Cinder Cone ( h a b i t a t  2 ) .  The 
remaining t h r e e  t r a n s e c t s  C C ' ,  DD' and EEf were l a i d  out  i n  t h e  h a b i t a t s  
n e x t  t o  t h e  c i n d e r  cone. 
A number of 10 m x 10 m p l o t s  were e s t a b l i s h e d  along these  f i v e  
t r a n s e c t s .  These a r e  d i s t r i b u t e d  by h a b i t a t s  a s  shown i n  TABLE 1. 
TABLE 1. Number of 10 m x 10 m p l o t s  by h a b i t a t s  and 
t r a n s e c t s  a s  used f o r  t h e  p l a n t  records  
( t r a n s e c t s  and h a b i t a t  o u t l i n e s  on FIG. 2)  
H a b i t a t  Transec t No. of p l o t s  
2 Cinder  
cone 
3 S p a t t e r  a r e a  wi th  
tree snags  
4 Pumice a r e a  wi th  
tree snags  
5 Pumice a r e a  wi th  
s u r v i v i n g  t r e e s  
6 Thin f a l l - o u t  a r e a ,  
upper Kau Deser t  
BB ' 
EE' 
AA' 
BB ' 
CC ' 
DD ' 
Tota l  215 
P l o t s  a r e  arranged cont iguous ly  a long  t h e  t r a n s e c t s  except  a long 
t h e  long t r a n s e c t ,  AA'.  Here, t h e  p l o t s  a r e  d i s t r i b u t e d  a t  i n t e r v a l s ,  
b u t  un i formly ,  through h a b i t a t s  4 ,  5 and 6. 
A s p e c i e s  l i s t  was prepared f o r  t he  e n t i r e  "Devastation Area," 
which was updated a t  each resurvey .  The s p e c i e s  found i n  t h e  p l o t s  were 
checked o f f  by a s s ign ing  a Braun-Blanquet symbol (1965). In  a d d i t i o n  
t o  t h e  presence-record,  t h i s  method provided f o r  an e s t ima te  of 
abundance and cover  of each s p e c i e s .  These records  began i n  January 
1960 r i g h t  a f t e r  t h e  e r u p t i o n  had ceased and were repeated f i v e  t imes 
i n  1961, 1962, 1963, 1966 and 1968. The f i n a l  year  was 9 yea r s  a f t e r  
t h e  e r u p t i o n .  The s p e c i e s  l i s t  record  was r e s t r i c t e d  by n e c e s s i t y  t o  
macroscopic p l a n t s .  Algae were thus  recognized only i f  they formed 
v i s i b l e  c o l o n i e s ,  which appeared u s u a l l y  a s  dark  b lo t ches  on t h e  
v o l c a n i c  s u f a c e s .  It is q u i t e  p o s s i b l e  t h a t  small-sized co lon ie s  may 
have been  overlooked occas iona l ly  i n  a few quadra ts .  But t h e  repea ted  
o b s e r v a t i o n  of a l a r g e  number of quadra t s  makes the  appearance-record 
of t h e  macroscopic a l g a e  f o r  each h a b i t a t  q u i t e  c e r t a i n .  
I n  a d d i t i o n  t o  t h e s e  r eco rds ,  photographs were taken p e r i o d i c a l l y  
a t  13 permanently f i x e d  photo s t a t i o n s  a long  the  t r a n s e c t s .  The 
photographs were t o  s e r v e  a s  a v i s u a l  documentation of t h e  v e g e t a t i o n  
recovery  i n  d i f f e r e n t  h a b i t a t s .  The photographs were taken of e x a c t l y  
t h e  same landscape  segments i n  f o u r  quadrants  around t h e  c e n t r a l  p o i n t  
of each  photo s t a t i o n .  
Environmental measurements 
A few environmental  measurements were made i n  an at tempt  t o  f i n d  
a t  l e a s t  a p a r t i a l  exp lana t ion  f o r  t h e  p l a n t  invas ion  and recovery 
p a t t e r n s  t h a t  were expected t o  emerge. 
Climate.--A gene ra l  a n a l y s i s  of l o c a l  c l imate  (Doty and 
Mueller-Dombois 1966) gave an  i n d i c a t i o n  of a sharp r a i n f a l l  g r a d i e n t  
a long  t r a n s e c t  AA1, w i th  a decrease  from t h e  Kilauea I k i  a r e a  from 
about  2400 mm p e r  year  t o  about 1300 mm pe r  year  near  t he  end of 
t r a n s e c t  AA1 i n  t h e  upper Rau Deser t .  It seemed appropr i a t e  t o  v e r i f y  
t h i s  t r e n d  and t o  e s t a b l i s h  t h e  amounts of r a i n f a l l  f o r  t he  obse rva t ion  
y e a r s .  The re fo re ,  r a i n  gauges were e s t a b l i s h e d  i n  h a b i t a t s  1, 4 ,  5  and 
6 i n  1964. Records were taken weekly o r  bi-weekly through 1968. The 
r a i n  gauge l o c a t i o n s  a r e  shown by t h e  c r o s s e s  on FIG. 2.  
On t h e  c r a t e r  f l o o r  of Kilauea Ik i ,  s team evolved from the  c racks  
i n  t h e  pahoehoe l a v a  almost  cont inuous ly  throughout the  observa t ion  
pe r iod .  It w a s  thought  t h a t  t h i s  mo i s tu re  source  may have an  in f luence  
on  p l a n t  e s t ab l i shmen t  on t h e  c r a t e r  f l o o r .  To o b t a i n  an i d e a  of what 
q u a n t i t i e s  t h i s  mo i s tu re  sou rce  may c o n t r i b u t e  t o  o b j e c t s  s t and ing  o u t  
from t h e  c r a t e r  f l o o r ,  Grunow fog  i n t e r c e p t o r s  were i n s t a l l e d  on r a i n  
gauges. Four such gauges equipped w i t h  an  i n t e r c e p t o r  each were s e t  
o u t  n e a r  t h e  beginning  of each t r a n s e c t .  A r a i n  gauge without  
i n t e r c e p t o r  was p u t  next  t o  a n  in te rceptor -gauge  f o r  comparison. 
Recordings were made from January 1967 through December 1968. A 
p a i r e d  set of  gauges was a l s o  e s t a b l i s h e d  a t  t he  end of t r a n s e c t  AAf 
i n  h a b i t a t  6 .  
Two hygrothermographs were i n s t a l l e d  i n  Stevenson sc reens  ( a t  1 .5  m 
h e i g h t s ) ,  one on t h e  f l o o r  of t h e  c r a t e r  i n  h a b i t a t  1, t h e  o t h e r  i n  
h a b i t a t  6  a t  t h e  end of t r a n s e c t  AA'.  I n  a d d i t i o n ,  the  r e l a t i v e  
d e s i c c a t i o n  power of t he  environment was analyzed by Livingston wh i t e  
and b l a c k  b u l b  atmometers mounted 30 cm above the  ground near  t h e  r a i n  
gauges i n  h a b i t a t s  1, 4,  5  and 6. 
Subs t r a t e . - -Subs t r a t e  sampling was done i n  var ious  ways t o  o b t a i n  
d e s c r i p t i v e  in fo rma t ion  on t h e  edaphic p r o p e r t i e s  of the  new h a b i t a t s  
and t o  v e r i f y  hypotheses about t h e  causes  of c e r t a i n  observed p l a n t  
i nvas ion  p a t t e r n s .  
* 
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Edaphic p r o p e r t i e s  sampled i n  d i f f e r e n t  l o c a t i o n s  were &h d e n s i t y ,  
wa te r  ho ld ing  c a p a c i t y  and r a t e  of water  l o s s ,  a v a i l a b l e  n u t r i e n t s ,  pH 
and degree  of m i n e r a l i z a t i o n .  
Ash d e n s i t y  w a s  used t o  s e p a r a t e  t h e  s p a t t e r  a r ea  ( h a b i t a t  3 )  from 
t h e  pumice a r e a  ( h a b i t a t  4 ,  5 and 6 ) .  The former showed d e n s i t i e s  
g r e a t e r  t han  1, pumice w a s  def ined  a s  a sh  wi th  d e n s i t i e s  l e s s  than  1. 
Water ho ld ing  capac i ty  was t e s t e d  on ash  samples from h a b i t a t s  2 
through 6 by immersing p y r o c l a s t i c  f ragments  i n  water f o r  48 hours.  
A f t e r  exces s  water  had been allowed t o  d r i p  o f f ,  the m a t e r i a l  was 
weighed f o r  i t s  hold ing  capac i ty  (he re  termed f i e l d  capac i ty ) .  
T h e r e a f t e r ,  i t  w a s  reweighed every  24 hours  i n  a room wi th  a mean a i r  
t empera ture  of 21°C and a mean r e l a t i v e  humidity of 65% t o  determine the  
rate of wa te r  l o s s .  Permanent w i l t i n g  percentage was determined w i t h  a 
Richard ' s  p r e s s u r e  p l a t e  a t  1 5  atm. 
. 
Ava i l ab le  n u t r i e n t s  t e s t e d  were t h e  c a t i o n s  ( ~ a ,  Mg, K ,  ~ a ) ,  
n i t r o g e n  and phosphorus. The method followed f o r  ca t ion  ex t r ac t ion .was  
t h e  one d e s c r i b e d  by Jackson (1958). Quan t i t i e s  were determined wi th  a 
Perkin-Elmer spectrophotometer .  
Ava i l ab l e  ammonia and n i t r a t e s  were analyzed by Kje ldahl  d i s t i l l a t i o n  
(Harper 1924 and Olson 1929) and a v a i l a b l e  phosphorus by a photometric 
method (Bray and Kar tz  1959).  S u b s t r a t e  pH was determined f o r  t he  upper 
20 cm d e p t h s  on a number of samples w i t h  a Beckman Expandomatic meter.  
Degree of m i n e r a l i z a t i o n  was analyzed wi th  a Norelco-X-ray 
d i f f r a c t o m e t e r  and t h i n  s e c t i o n s  of rocks  were analyzed under t he  
microscope f o r  primary minera l  occurrence and a l t e r a t i o n s .  
Observed p l a n t  i nvas ion  p a t t e r n s  on t h e  Kilauea I k i  c r a t e r  f l o o r  
w e r e  b e l i e v e d  t o  b e  r e l a t e d  t o  s u b s t r a t e  temperatures.  Therefore ,  
t empera ture  measurements were made a long  t h e  t r a n s e c t s  i n  numerous 
0 pahoehoe c r a c k s  w i t h  a yel low Spr ings  Telethermometer Model 43TC. These 
measurements were r epea t ed  s e v e r a l  t i m e s  dur ing  t h e  warmest pe r iod  of  
t h e  day a t  i n t e r v a l s  of 3 ,  30, 306 and 500 m from the  c r a t e r  f l o o r  edge 
t o  t h e  c e n t e r .  
Another p l a n t  i nvas ion  p a t t e r n  on t h e  a sh  h a b i t a t s  showed a h igh  
c o r r e l a t i o n  w i t h  t h e  b a s e s  of t r e e  snags.  S o i l  moisture samples were 
t aken  a t  v a r i o u s  p o i n t s  a t  t h e  base  of t r e e  snags and away from them t o  
v e r i f y  t h e  hypo thes i s  t h a t  s u b s t r a t e  mo i s tu re  d i s t r i b u t i o n  was unequal 
ove r  t h e  a s h  s u r f a c e  and t h a t  t h e  t r e e  snags added t o  s o i l  mois ture  
by i n t e r c e p t i o n  of r a i n  water .  
P 
PLANT INVASION PATTERNS 
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Kilauea  I k i  l a v a  l a k e  ( h a b i t a t  1 )  
P rog res s  of  invasion.--A c l e a r l y  d i r e c t i o n a l  progress ion  of p l a n t  
l i f e  was observed on t h e  Kilauea I k i  c r a t e r  f l o o r .  Here p l a n t s  invaded 
t h e  new lava h a b i t a t  from t h e  margin towards t h e  c e n t e r  i n  a pattern 
shown i n  TABLE 1. 
The s p e c i e s  w i t h i n  each l i f e  form a r e  l i s t e d  i n  APPENDIX 1. The 
term p l a n t  l i f e  form is used i n  a gene ra l  s ense  i n  t h i s  paper f o r  
d e s i g n a t i n g  such broad taxonomic groups a s  a l g a e ,  mosses, l i c h e n s ,  f e r n s  
and seed  p l a n t s  as shown on TABLE 1. The term is a l s o  used f o r  
s u b d i v i s i o n s  of t h e s e  groups, such a s  woody and herbaceous p l a n t s  
ii 
w i t h i n  seed  p l a n t s .  More d e t a i l e d  subd iv i s ions  of morphological forms 
as g iven  by Raunkiaer (1918) o r  El lenberg  and Mueller-Dombois (1965) a r e  
n 
l i k e w i s e  r e f e r r e d  t o  a s  l i f e  forms. 
TABLE 1. Progression of p lan t  l i f e  from c r a t e r  f l oo r  edge towards center  i n  hab i t a t  1 
Direction Year a f t e r  1 2 3 4 7 9 Total  
1963 1966 1968 on c r a t e r  eruption 1960 1961 1962 dis tance 
f loor  t o  center . 
NE Transect a t  11 m 11 m 31 m 22 m 150 m 250 m 325 m 
'b' NW - - 10 m 30 m 80m 120m 385 m 
SW ' c t  - - 30 m 40 m 60 m 120 m 340 m 
S E 'd '  - 3 m 40 m 48 m 9 0 m  120m 400 m 
4 6 10 17 23 30 No. species  I 
'Ld 
03 
Life  forms: I 
algae 1 2 4 4 5 5 
mosses 2 2 3 3 4 5 
fe rns  1 2 2 3 4 5 
l ichens  - - 1 2 2 2 
seed 
p lan t s  - - - 5 8 13 
1n y e a r  1, a f  ter t h e  e rup t ion ,  i .e . ,  s i x  months af t e r  formation of 
h a b i t a t  1, p l a n t  l i f e  w a s  found only  a long  t r a n s e c t  ' a '  (NE s i d e  of 
c r a t e r  f l o o r ,  FIG. 2 ) .  A f e r n  (Nephrolepis e x a l t a t a )  and an a l g a  
(Stigonema panniforme) had progressed 11 m of t he  325-m s t r e t c h  towards 
t h e  c e n t e r .  Two mosses (Campylopus d e n s i f o l i u s ' a n d  C. exaspera tus)  
fol lowed c l o s e l y  up t o  5 m inwards. 
I n  y e a r  2 ,  no f u r t h e r  progress  beyond t h e  11-m po in t  occurred a long  
t r a n s e c t  ' a ' ,  b u t  p l a n t  l i f e  was found a long  t h e  SE t r a n s e c t  'd '  t o  t h e  
3-m p o i n t .  The same s p e c i e s  occurred t h e r e .  I n  add i t i on ,  one more 
a l g a  was found, Scytonema myochrous. Also,  a second f e r n  spec i e s  
( S a d l e r i a  cya theo ides )  occurred on t r a n s e c t  ' a ' .  
I n  y e a r  3 ,  i nvas ion  began a long  t h e  two remaining t r a n s e c t s  (b and 
c )  from t h e  W s i d e  where t h e  source  of t h e  l a v a  outpour had occurred.  
Here, t h e  same two a l g a e  (Stigonema and Scytonema) were found a s  t h e  
p l a n t s  t h a t  had progressed  f a r t h e s t  away from the  edge, t o  10 and 15 m y  
and two a d d i t i o n a l  a l g a e  (Anacyst is  montana, Hapalosiphon) had joined 
t h e  group. The same f e r n  (Nephrolepis e x a l t a t a )  and the  same two 
Campylopus mosses appeared a t  t h e  beginning of both t r a n s e c t s .  I n  
a d d i t i o n ,  a t h i r d  moss appeared, Rhacomitrium lanuginosum v a r .  pruinosum. 
A new cryptogamic l i f e  form occurred i n  t he  t h i r d  yea r ,  t he  l i c h e n  
Stereocaulon  v o l c a n i .  I t  appeared s imultaneously on a l l  t r a n s e c t s ,  b u t  
advanced f a r t h e r  inward on t h e  two southern  t r a n s e c t s  ( c  and d ) .  Here 
i t  occurred  c l o s e s t  t o  t h e  c e n t e r  t oge the r  wi th  the  a lgae ,  t he  mosses, 
w and t h e  f e r n .  On t r a n s e c t  c (SW), Stereocaulon occurred even ahead of 
t h e  o t h e r  l i f e  forms, a t  30 m towards t h e  c e n t e r  by being p re sen t  on 
Y every  squa re  meter .  Thus, f o u r  p ioneer  a l g a e  were found i n  t h e  t h i r d  
y e a r . '  And t h e s e  were g e n e r a l l y  c l o s e r  t o  t h e  cen te r  than t h e  f e r n  and 
moss s p e c i e s .  
I n  y e a r  4 ,  t h e  a l g a e  progressed t o  22 m on t r a n s e c t  a ,  wh i l e  they  
advanced t o  40 m y  t o g e t h e r  w i th  t h e  Stereocaulon l i chen ,  on t r a n s e c t  c  
and t o  30 m on t r a n s e c t  b .  A moss, Campylopus d e n s i f o l i u s ,  progressed 
t o  48 m on t r a n s e c t  ' d ' .  A second l i c h e n ,  Cladonia s k o t t s b e r g i i ,  
appeared a long  t h e  f i r s t  few meters  on a l l  fou r  t r a n s e c t s .  Transec t  ' a '  
d i d  n o t  con t inue  t o  show t h e  f a r t h e s t  center-ward progress ion  a s  i t  d i d  
t h e  f i r s t  two y e a r s .  The f a r t h e s t  center-ward progress ion  (48 m) was 
found on t r a n s e c t  d  (SE). However, t h e  two e a s t e r n  t r a n s e c t s  ( a  and d)  
e x h i b i t e d  t h e  f i r s t  seed p l a n t s  i n  t h e  f o u r t h  year .  There were fou r  
s c l e r o p h y l l o u s  (hard-leaved) woody p l a n t s  (Metrosideros polymorpha, a  
p o t e n t i a l  t r e e ,  Vaccinium re t i cu l a tum,  Dubautia s cab ra ,  both p o t e n t i a l  
sh rubs ,  and Hedyotis  centhranthoides ,  a semi-woody he rb ) .  These f o u r  
are endemic s p e c i e s .  A f i f t h  seed p l a n t  s p e c i e s ,  Lythrum maritimum 
(a c reep ing  he rb  and in t roduced  s p e c i e s )  made i t s  appearance from th.e 
EJW on t r a n s e c t  b .  A f t e r  t h e  f o u r t h  y e a r ,  records  were not  taken u n t i l  
t h e  s even th  yea r  (1966) fol lowing t h e  e rup t ion .  
I n  y e a r  7 ,  p l a n t  l i f e  had progressed  f a r t h e s t  on t r a n s e c t  ' a '  t o  
150 m. Th i s  was almost  h a l f  t h e  d i s t a n c e  t o  t he  cen te r  of t he  c r a t e r  
f l o o r .  The o t h e r  t r a n s e c t  on t h e  e a s t  s i d e ,  t r a n s e c t  ' d ' ,  showed t h e  
second most forward advance (90 .m inward) , and the  two west-side 
t r a n s e c t s  showed p l a n t  l i f e  t o  80 m (on ' b ' )  and 60 m (on ' c ' ) ,  
r e s p e c t i v e l y .  The number of seed p l a n t  s p e c i e s  had increased  t o  e i g h t ,  
b u t  Lythrum narit imum had disappeared.  The o the r  l i f e  forms showed 
- i n c r e a s e s  of one s p e c i e s  each,  except  t he  l i chens .  
Community formation.--In y e a r  9 (1968),  two d i s t r i b u t i o n  groups 
among t h e  seed  p l a n t s  became e v i d e n t ,  one appearing a l l  around t h e  
crater, and one e n t e r i n g  from one s i d e  only.  
Group 1 conta ined  t h e  fou r  n a t i v e  s p e c i e s  t h a t  were recorded 
a l r e a d y  i n  t h e  f o u r t h  y e a r ,  Met ros ideros  polymorpha, Vaccinium r e t i c u l a t u m ,  
Dubautia  s c a b r a  and Hedyotis centhranthoides .  Except f o r  Hedyotis,  
t hey  occu r red  around t h e  c r a t e r  on a l l  f o u r  t r a n s e c t s .  These s p e c i e s  
had advanced most on t h e  e a s t  s i d e  ( t r a n s e c t s  a and d ) .  On t r a n s e c t  
'a' t hey  were found from 72 m (Dubautia) t o  114 m (Vaccinium) inward; on 
t r a n s e c t  'd l  they  were found between 34 m (Dubautia) and 51 m (Vaccinium) 
inward. Met ros ideros  on each of t h e s e  t r a n s e c t s  occurred between t h e s e  
two s p e c i e s .  
Group 2 ,  which s t a r t e d  t o  e n t e r  t h e  c r a t e r  f l o o r  on the  e a s t  s i d e  
a long  t r a n s e c t  ' a ' ,  conta ined  fou r  s p e c i e s  i n  1966 ( a  p o t e n t i a l  t r e e  
Buddleja  a s i a t i c a ,  a shrub Cyrtandra s p . ,  a g r a s s  Paspalum conjugatum 
and a f o r b  Anemone j apon ica ) .  I n  1968 the  group increased  t o  n ine  
s p e c i e s .  Seven of t h e s e  were e x o t i c s  and two were na t ives .  The two 
n a t i v e  s p e c i e s  were t h e  shrubs  Cyrtandra s p .  and Coprosma ochracea. 
The remaining f i v e  s p e c i e s  were t h e  weed-tree Buddleja a s i a t i c a ,  t h e  
f o r b s  Cuphea c a r t h a g i n e n s i s  (semi-woody), Anemone japonica,  F raga r i a  
vesca  v a r .  a l b a  and t h r e e  g r a s s e s ,  Paspalum di la ta tum,  Andropogon 
v i r g i n i c u s  and S e t a r i a  g e n i c u l a t a .  Paspalum conjugatum had disappeared.  
The p rog res s  of t h e s e  s p e c i e s  was found w i t h i n  the f i r s t  7 m on t r a n s e c t  
'a' on ly ,  b u t  a s i n g l e  Andropogon was a t  110 m on t r a n s e c t  b .  Group 1 
a l s o  p e r s i s t e d  t o g e t h e r  w i th  Group 2 a s  w e l l  a s  with t h e  15 spec i e s  of 
cryptogams (a lgae ,  mosses and f e r n s )  that were found a l r eady  i n  t he  t h i r d  
y e a r  on a l l  f o u r  t r a n s e c t s .  This  shows t h a t  a  more complex community 
wag now beginning  t o  form a t  t h e  e a s t  s i d e  of the  c r a t e r  f l o o r .  
Three communities had become ev iden t :  
(1) A cryptogamic p ioneer  community c o n s i s t i n g  of a lgae ,  mosses, f e r n s  
and l i c h e n s .  This  community occurred a l l  around the  c r a t e r  and had 
advanced f u r t h e s t  towards t h e  c e n t e r .  
(2) A phanerogamic p ioneer  community 'consis t ing of t he  above l i f e  forms 
p l u s  f o u r  n a t i v e  seed p l a n t s .  This  community a l s o  occurred a l l  
around t h e  c r a t e r ,  b u t  had n o t  y e t  advanced a s  f a r  t o  t h e  c e n t e r  
as t h e  pu re  cryptogamic community. 
(3) A more complex phanerogamic p ioneer  community, which cons i s t ed  of 
s e v e r a l  e x o t i c  seed p l a n t s  p l u s  t h e  above four  n a t i v e  seed p l a n t s  
and t h e  cryptogams. The a d d i t i o n a l  p l a n t s  were a l l  daphnous 
(=sof t - leaved)  pe renn ia l s  i nc lud ing  two n a t i v e  spec i e s  i n  t h i s  
group (Cyrtandra sp .  and Coprosma ochracea) .  Thei r  l i f e  £ o m  a r e  
t hus  d i f f e r e n t  from t h e  sc l e rophy l lous  seed p l a n t s  i n  t h e  f i r s t  
phanerogamic community. This  t h i r d  community was more complex, 
because  i t  now included a  l a r g e r  complement of l i f e  forms, 
p o t e n t i a l  sh rubs ,  pe renn ia l  he rbs  and g ra s ses .  However, i n  t h e  
n i n t h  y e a r  (1968),  t h e  f i n a l  yea r  of record ing ,  t h i s  community 
had on ly  en te red  the  f i r s t  few meters  of one t r a n s e c t  ( ' a ' )  on t h e  
east s i d e  of t h e  c r a t e r  f l o o r .  
I n  a l l ,  p l a n t  l i f e  had progressed  t o  250 m on t r a n s e c t  ' a '  and t o  
120 m on t h e  o t h e r  t h r e e  t r a n s e c t s .  I n  terms of o v e r a l l  d i s t a n c e  t o  t he  
c e n t e r ,  t h i s  was approximately one- th i rd .  
D e n s i f i c a t i o n  of colonizat ion.--In s p i t e  of t he  cons iderable  pro- 
g r e s s i o n  of p l a n t  l i f e  toward t h e  c e n t e r  of t he  c r a t e r  f l o o r ,  the  
v e g e t a t i o n  cover  was a s  y e t  s o  sma l l  i n  yea r  9  (1968) t h a t  on s u p e r f i c i a l  
view, the s u r f a c e  looked p r a c t i c a l l y  ba r r en .  
Two parameters  were recorded t h a t  convey the  process  of 
d e n s i f i c a t i o n  of p l a n t  l i f e  on t h e  l a v a  s u r f a c e .  One was frequency of 
t h e  s p e c i e s  i n  t he  squa re  n e t e r  quadra t s  a long the four  t r a n s e c t s ,  t he  
o t h e r  was cover  a s  es t imated  by t h e  Braun-Blanquet s c a l e  i n  each 
cont iguous  squa re  meter p l o t .  Dens i ty ,  i n  terms of number of i n d i v i d u a l s ,  
w a s  n o t  recorded  because of compl ica t ions  i n  recognizing i n d i v i d u a l s .  
Frequency g i v e s  an i d e a  of t h e  uni formi ty  of d i s t r i b u t i o n  a long  t h e  
t r a n s e c t s .  It is summarized f o r  each of t h e  f i v e  major l i f e  forms 
( a l g a e ,  mosses,  l i c h e n s ,  f e r n s  and seed p l a n t s )  i n  TABLE 2.  Here, 
t h e i r  f requency is  s t a t e d  i n  r e l a t i o n  t o  t h e  cumulative t r a n s e c t  a r e a  
occupied by p l a n t  l i f e  per  year  of record ing .  The cumulative t r a n s e c t  
a r e a  w a s  ob ta ined  from summing, i n  TABLE 1, the  d i s t ances  f o r  each 
t r a n s e c t  t o  which p l a n t  l i f e  had progressed  from the c r a t e r  f l o o r  edge. 
The cumula t ive  t r a n s e c t  a r e a  shows t h e  p l a n t  invasion zones a s  they 
en la rged  du r ing  the  s i x  o b s e r v a t i o n a l  per iods .  The frequency va lues  
f o r  each l i f e  form shown i n  TABLE 2 a r e  der ived  from the  maximum number 
of q u a d r a t s  occupied by t h a t  l i f e  form a t  the  time of observa t ion .  The 
number of q u a d r a t s  occupied a r e  expressed a s  per  cent  of cumulative 
t r a n s e c t  a r e a  occupied by a l l  l i f e  forms. For example, i n  year  1, f e r n s  
occupied 3 q u a d r a t s  ou t  of 11 t h a t  were occupied by p l an t  l i f e  ( i n  t h i s  
c a s e  a l g a e ) .  The f e r n  frequency f o r  1960 thus  was 27%. 
Algae were uniformly d i s t r i b u t e d ,  showing from 87-100% frequency 
TABLE 2. Frequency (%) of p l a n t  l i f e  on c r a t e r  f l o o r  a rea  occupied 
Year a f t e r  1 2 3 4 7 9 
e r u p t  ion  1960 1961 19 6 2 1963 1966 1968 
Cumulative 
t r a n s e c t  a r e a  11 14 111 
occupied (meters)  
a lgae  100 9 3 4 3 87 97 9 7 
mosses 
l i c h e n s  
f e r n s  
seed p l a n t s  
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w i t h  any enlargement  of t h e  invas ion  zones, except  i n  yea r  3.  The 
r e d u c t i o n  i n  a l g a l  presence  i n  t h e  t h i r d  year  (1962) i s  r e l a t e d  t o  an 
e x c e p t i o n a l l y  low r a i n f a l l .  A r a i n  gauge was not  i n s t a l l e d  on the  
crater f l o o r  i n  1962, b u t  t he  r eco rd  from the  nearby Park Headquarters  
s t a t i o n  showed a mean r a i n f a l l  of on ly  1550 mm f o r  t h a t  y e a r ,  which was 
1000 mm less than t h e  amount recorded  dur ing  the  o the r  yea r s  of 
obse rva t ion .  Because of abnormally low r a i n f a l l ,  vapor steaming from 
lava f low f i s s u r e s  must have been a l s o  low during 1962. This may 
e x p l a i n  t h e  low frequency of a lgae  i n  t h a t  year .  
While t h e  uni formi ty  of a l g a l  d i s t r i b u t i o n  proved t o  be  h igh  
throughout  t he  s tudy  pe r iod  (except  f o r  t h e  drop i n  1962),  i n  terms of 
cover ,  t h e  a l g a e  occupied very  l i t t l e  su r f ace .  The Braun-Blanquet 
v a l u e s  f o r  a lgae  were never  g r e a t e r  than  +. This means t h a t  a lgae  were 
p r e s e n t  i n  t h e  square  meter  quadra t s  w i th  i n s i g n i f i c a n t  cover ,  b u t  
u s u a l l y  w i t h  more than  one colony of a l g a l  growth. I n s i g n i f i c a n t  cover 
2 
was a r b i t r a r i l y  def ined  a s  0.1%, which impl ies  a  mean of 10 cm per  
squa re  meter .  This  seemed t o  r e p r e s e n t  a  r e a l i s t i c  es t imate .  
The record  of a lgae  a s  presented  i n  t h i s  s tudy does n o t  inc lude  
microscopic  p l a n t  l i f e .  Algae were recorded only i f  they formed 
macroscopica l ly  v i s i b l e  pa tches  o r  co lonies .  This may have in t roduced  
a sou rce  of e r r o r  i n  t h e  obse rva t ions  recorded.  
The mosses f i l l e d  the  expanding p l a n t  invasion zone suddenly i n  
y e a r  2 ,  t hen  reaching  a  maximum frequency of 29% (TABLE 2).  From then 
on t h e i r  f requency remained r e l a t i v e l y  s t a b l e ,  near  20%, w i t h i n  t h e  
r a p i d l y  expanding invas ion  zone. 
A s  i n  t h e  a l g a e ,  t h e  s u r f a c e  cover  of t h e  mosses w a s  minimal, n o t  
exceeding  0.1% f o r  any one s p e c i e s .  When t h e  + values  ( t r a n s l a t e d  i n t o  
0.1% mean cover )  are added f o r  t h e  i n d i v i d u a l  spec i e s ,  t h e i r  combined 
cover  r eaches  only  0.2%, i n  s p i t e  of f i v e  moss spec i e s  being p r e s e n t  on 
t h e  crater f l o o r  i n  t h e  f i n a l  yea r  of  observa t ion .  
The l i c h e n s  made t h e i r  appearance i n  t h e  t h i r d  year  wi th  26% 
f requency ,  a va lue  c l o s e l y  s i m i l a r  t o  t h a t  of the mosses. But from 
t h e n  on, t h e i r  p resence  inc reased  r a p i d l y  a c r o s s  t h e  expanding invas ion  
zone of t h e  c r a t e r  f l o o r .  I n  t he  seventh  yea r  t h e i r  un i formi ty  of 
d i s t r i b u t i o n  was almost  complete w i th  92% frequency and c l o s e l y  
comparable t o  t h a t  of t h e  a lgae .  A s l i g h t  drop t o  7 7 %  frequency occurred  
i n  t h e  f i n a l  y e a r ,  when t h e  p l a n t  l i f e  zone t r a n s e c t  a r e a  n e a r l y  doubled 
from 380 m2 t o  610 m2.  This  s l i g h t  drop may be  explained by t h e  
presence  of s t i l l  unfavorable  microhabi t s  f o r  l i chens  i n  t h e  a lgae-  
expanded invas ion  zone. I n  c o n t r a s t  t o  the  a lgae  and mosses, t he  
l i c h e n s  were never  found near  steaming l a v a  c racks .  
p a r t  
mean 
y e a r  
I n  terms of s u r f a c e  cover ,  t h e  l i c h e n s  occupied an i n s i g n i f i c a n t  
of t h e  l a v a  s u r f a c e  u n t i l  t h e  f i n a l  year  of observa t ion ,  when t h e i r  
cover  r o s e  t o  a n  es t imated  2.5% (Stereocaulon vo lcan i ) .  
The f e r n s  showed a r e l a t i v e l y  h igh  frequency of 50% i n  t h e  second 
(TABLE 2 ) .  T h e r e a f t e r ,  t h e i r  f requency dropped sha rp ly  t o  11% i n  
t h e  t h i r d  yea r .  Th i s  c o r r e l a t e s  w i t h  t h e  reduct ion  of a l g a l  f requency 
and was probably a l s o  caused by t h e  excep t iona l ly  low r a i n f a l l  i n  1962. 
C 
I n  t h e  f o u r t h ,  seventh  and n i n t h  y e a r ,  f e r n  frequency appeared t o  
become s t a b i l i z e d  between 15-20%. 
fn c o n t r a s t  t o  t h e  a l g a e ,  mosses and l i c h e n s ,  t h e  f e r n s  grew only 
i n  l a v a  c racks  (FIG. 5 ) .  T h e i r  f requency,  t h e r e f o r e ,  is  a  func t ion  of 
t h e  l a v a  c rack  frequency p e r  sampling quadrat .  I n  average,  c racks  o r  
c r e v i c e s  r a n  through every  4 t h  o r  5 t h  quadrat .  On t h i s  b a s i s ,  f e r n s  
occurred  w i t h  a  h igh  frequency (of between 60-100%) i n  t h e s e  
m i c r o h a b i t a t s ,  a l though t h e i r  frequency, i n  terms of t h e  whole l a v a  
flow s u r f a c e  i n  t h e  i n v a s i o n  zones, was only between 11-20% a s  shown i n  
TABLE 2 .  The i n i t i a l  h igh  frequency of 27 and 50% was r e l a t e d  t o  t h e  
g r e a t e r  abundance of c r acks  nea r  t h e  c r a t e r  f l o o r  edge, when t h e  
invas ion  zone had no t  yCt extended much toward the c e n t e r .  
In terms of s u r f a c e  cove r ,  t h e  f e r n s  were a s  i n s i g n i f i c a n t  a s  t he  
a l g a e  and mosses throughout t h e  nine-year observa t ion  per iod .  
The seed p l a n t s ,  which appeared only i n  year  4 (1963) exh ib i t ed  a  
v e r y  low frequency v a l u e  of 0.4%, which increased  t o  only 0.6% a t  t he  
last two obse rva t ions  (1966, 1968).  This  r e v e a l s  t h a t  they were e i t h e r  
wide ly  s c a t t e r e d  and s p a r s e  o r  l o c a l l y  clumped. The sc l e rophy l lous  
n a t i v e  seed  p l a n t s  (Metros ideros ,  Vaccinium, Dubautia and Hedyotis) 
recognized by t h e i r  p rog res s ion  onto the  c r a t e r  f l o o r  a s  group 1, f i t  
more o r  less t h e  f i r s t  d i s t r i b u t i o n a l  p a t t e r n .  The sof t - leaved ,  more 
complex l i f e  form group ( t r e e s ,  shrubs ,  herbs  and g r a s s e s )  descr ibed  
b e f o r e  a s  group 2,  f i t s  more o r  l e s s  t h e  second d i s t r i b u t i o n a l  p a t t e r n .  
The l a t t e r  became e s t a b l i s h e d  only a t  t he  beginning of t r a n s e c t  ' a ' ,  
where they were l o c a l l y  clumped. I n  terms of cover ,  t he  seed p l a n t s  
v were s t i l l  as i n s i g n i f i c a n t  a s  t h e  o t h e r  l i f e  forms i n  t h e  f i n a l  year  
obse rva t ion .  
FIG. 5. Floor of Kilauea I k i ,  h a b i t a t  1, 1967. Ferns  (Nephrolepis 
e x a l t a t a )  e s t a b l i s h e d  i n  j o i n t  c facks  and c r e v i c e s .  
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Cinder cone ( h a b i t a t  2) 
5 Here, and i n  t h e  o t h e r  f o u r  h a b i t a t s  on p y r o c l a s t i c  m a t e r i a l s ,  t h e  
quadra t  s i z e  w a s  10 m x 10 m y  because of t h e  expected wide s c a t t e r  of 
p l a n t  a r r i v a l .  The frequency r eco rds  on t h e  p y r o c l a s t i c  h a b i t a t s  (2  
through 6 )  a r e  t hus  comparable among each o t h e r ,  bu t  no t  wi th  the  
frequency r eco rd  on t h e  Kilauea c r a t e r  f l o o r  ( h a b i t a t  I ) ,  which was 
taken  i n  squa re  meter quadra ts .  However, t he  q u a l i t a t i v e  r eco rds ,  such 
as s p e c i e s  a r r i v a l ,  number and d i v e r s i t y  a r e  comparable. 
APPENDIX 2  shows t h e  sequence of l i f e  form and spec i e s  a r r i v a l  
p a t t e r n  a s  w e l l  a s  t h e  q u a n t i t a t i v e  spread  o r  d i s t r i b u t i o n  of s p e c i e s  
ove r  t h e  9-year obse rva t ion  per iod .  
A r r i v a l  p a t t e r n  i n  comparison t o  h a b i t a t  1.--In c o n t r a s t  t o  t h e  
l a v a  l a k e  ( h a b i t a t  1 )  on which f o u r  s p e c i e s  of cryptogams became 
e s t a b l i s h e d  i n  yea r  1, p l a n t  l i f e  on t h e  c inde r  cone became 
e s t a b l i s h e d  only  i n  yea r  3 (1962).  APPENDIX 2  shows t h a t  t h e  l i f e  
form a r r i v a l  sequence on the  c i n d e r  cone was:. 
y e a r  3 a l g a e  (one s p e c i e s ,  Scytonerna myochrous) 
y e a r  4 a l g a e  p l u s  mosses, l i c h e n s  and f e r n s  
y e a r  7 t h e  same p l u s  woody seed p l a n t s  
y e a r  9 a d d i t i o n a l  a r r i v a l  of a  herbaceous seed p l a n t ,  a  
g r a s s  (Agros t is  avenacea) 
Apar t  from t h e  3 yea r  d e l a y . p e r i o d ,  t he  l i f e  form a r r i v a l  sequence 
was v e r y  s i m i l a r  on h a b i t a t s  1 and 2. The simultaneous a r r i v a l  on t h e  
l a v a  l a k e  of a l g a e ,  mosses and f e r n s  i n  year  1, a s  shown i n  APPENDIX 1, 
is somewhat gene ra l i zed .  The more d e t a i l e d  a n a l y s i s  of progress ion  of 
cl p l a n t  l i f e  towards the  c e n t e r  of t h e  l a v a  l ake  (as  discussed under 
h a b i t a t  1, p rogres s  of invas ion)  revea led  the  a lgae  t o  be i n  most ca ses  
somewhat ahead of t h e  f e r n s  and mosses. This  co inc ides  w i th  t h e  p ioneer  
sequence on h a b i t a t  2 .  Also ,  on both h a b i t a t s  l i c h e n s  appeared a f t e r  
t h e  a l g a e .  I n  h a b i t a t  1, they  a r r i v e d  a f t e r  t he  mosses and f e r n s  had 
become e s t a b l i s h e d ;  i n  h a b i t a t  2 ,  l i c h e n s  appeared toge the r  wi th  the  
mosses and f e r n s .  Woody seed  p l a n t s  a r r i v e d  a s  t h e  f i f t h  major l i f e  
form group d i s t i n c t l y  a f t e r  t h e  cryptogams on both h a b i t a t s .  On the  
Ki lauea  I k i  l a v a  f l o o r ,  they  a r r i v e d  i n  yea r  4 ;  on t h e  c inde r  cone they 
a r r j v e d  i n  yea r  7. Thus, t h e  de l ay  per iod  of 3 yea r s  on the  c inde r  cone 
w a s  s i m i l a r  t o  t h a t  of t h e  cryptogam a r r i v a l .  Grasses became 
e s t a b l i s h e d  i n  y e a r  7 on t h e  l a v a  f l o o r  and i n  year  9 on t h e  c inde r  
cone. 
Therefore ,  on t h e  two h a b i t a i s  (1 and 2) t h a t  had no organic  
r e s i d u e s ,  t h e  s i m i l a r i t y  i n  l i f e  form a r r i v a l  sequence can be summarized. 
Algae were t h e  f i r s t ,  t h e s e  were followed by f e r n s  and mosses t h a t  
a r r i v e d  s imul taneous ly ,  l i c h e n s  a r r i v e d  a s  t h e  t h i r d  group. These were 
fol lowed by woody seed  p l a n t s  and these  i n  t u r n  by herbaceous seed 
p l a n t s .  
The d i f f e r e n c e  i n  a r r i v a l  p a t t e r n  was p r imar i ly  t he  de lay  on the  
c i n d e r  cone and t h e  lower number of spec i e s .  The probable reasons f o r  
t h e  a r r i v a l  de l ay  w i l l  b e  d i scussed  l a t e r .  
Number and kind of s p e c i e s  i n  comparison t o  h a b i t a t  1.--Comparison 
of APPENDIX 1 and 2 shows t h a t  t h e  number of spec i e s  was g r e a t e r  on t h e  
Kilauea I k i  l a v a  f l o o r  ( h a b i t a t  1 )  = 32 than on the  c inde r  cone 
II ( h a b i t a t  2) = 18  i n  y e a r  9 .  This  i s  n o t  s u r p r i s i n g  i f  one cons iders  
t h a t  t h e  c o l o n i z a t i o n  s t a r t e d  l a t e r  on t h e  c inde r  cone. The number of 
P 
s p e c i e s  i n  yea r  4 on t h e  c r a t e r  f l o o r  = 17 compares c l o s e l y  t o  t h a t  i n  
y e a r  9 on t h e  c i n d e r  cone. It is  i n t e r e s t i n g  t h a t  t h e s e  a r e  a l s o  almost  
t h e  same k inds  of s p e c i e s .  
Using t h e  Sdrenson (1948) index of s i m i l a r i t y  f o r  ;he c r a t e r  f l o o r  
and c i n d e r  cone f l o r a  f o r  t h e s e  comparable yea r s  of p ioneer  p l a n t  
i n v a s i o n  shows t h e  fo l lowing  s i m i l a r i t y  percent .  
where I S  = index  of s i m i l a r i t y  
c = number of common s p e c i e s  = ( 3  a lgae  + 3 mosses + 2 l i c h e n s  
+ 3 f e r n s  + 3  woody seed p l a n t s )  = 14 
A = t o t a l  number of s p e c i e s  on s i t e  A ,  he re  c r a t e r  f l o o r  = 17 
B = t o t a l  number of s p e c i e s  on s i t e  B ,  h e r e  c inde r  cone = 18 
The f l o r i s t i c  s i m i l a r i t y  between the  two h a b i t a t s  decreased i n  
y e a r  9  t o  67%. The g r e a t e r  d i f f e r e n c e  is p r imar i ly  caused by t h e  
e x o t i c  g r a s s e s  and f o r b s  t h a t  en t e red  t h e  c r a t e r  f l o o r  h a b i t a t  i n  1968. 
These s p e c i e s  had not  y e t  a r r i v e d  on the  c inde r  cone. Since the  e x o t i c  
g r a s s e s  and f o r b s  f i l l  a  n i che  t h a t  i s  not  occupied by n a t i v e  pioneer  
p l a n t s ,  i t  i s  l i k e l y  t h a t  t h e  same t rend  of e x o t i c  i nvas ion  of 
herbaceous p l a n t s  w i l l  a l s o  occur  on the  c inde r  cone a t  some f u t u r e  
d a t e .  
Q u a n t i t a t i v e  spread  of species.--A comparison of t he  two t r a n s e c t s  
on the  c inde r  cone r evea l ed  no d i f f e r e n c e  i n  the  d i r e c t i o n  of spread 
w i t h  r e s p e c t  t o  the  p r e v a i l i n g  winds. Therefore ,  the  t r a n s e c t  quadra ts  
could  b e  t r e a t e d  a s  one group of 85 a s  done i n  APPENDIX 2.  
The r a t e  of spread  a c r o s s  the  c inde r  cone h a b i t a t  i s  shown f o r  
s e l e c t e d  s p e c i e s  i n  each l i f e  form group on FIG. 6 .  The r a t e  of spread 
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FIG. 6 .  Rate  of  s p r e a d  a c r o s s  t h e  c i n d e r  cone h a b i t a t  ( 2 )  
f o r  s e l e c t e d  s p e c i e s  i n  f i v e  l i f e  form groups.  
d 
r e f e r s  t o  t h e  occu r r ence  of i n d i v i d u a l  p l a n t s  o r  c o l o n i e s  i n  t h e  10 m by 
1 0  rn q u a d r a t s  a long  t h e  t r a n s e c t s  going through h a b i t a t  2 .  
FIG. 6 shows t h a t  t h e  l i c h e n  S te reocaulon  v o l c a n i ,  though being a 
s lower  s t a r t e r  than  t h e  a l g a  Scytonema myochrous, was t h e  f a s t e s t  invader  
i n  terms of q u a n t i t a t i v e  occupat ion  of t h e  h a b i t a t .  I n  year  9 t he  
l i c h e n  occupied over  80% of t h e  h a b i t a t  su r f ace .  The next  r a p i d  invader  
i n  terms of h a b i t a t  occupat ion  was t h e  a l g a  Scytonema mychrous. The 
o t h e r  two a l g a e  (Stigonema panniforme and Anacyst is  montana) invaded 
w i t h  an  e q u a l l y  f a s t  r a t e  (APPENDIX 2 ) ,  s o  t h a t  t he  a l g a e  occupied about 
60% of t h e  h a b i t a t  t e r r a i n  i n  yea r  9 .  The t h i r d  f a s t e s t  spreader  was 
t h e  f e r n  Nephrolepis  e x a l t a t a ,  which occupied 40% of t h e  h a b i t a t  s u r f a c e  
i n  y e a r  9 .  This  was fol lowed by t h e  moss Rhacomitrium lanuginosum v a r .  
pruinosum, which had invaded about  20% of t h e  s u r f a c e  a r ea .  The r a t e  
of sp read  was t h e  same f o r  t h e  moss Campylopus exaspe ra tu s  (APPENDIX 2 ) .  
The woody seed p l a n t s  were t h e  s lowes t  i nvade r s ,  because they ene t e r ed  
t h e  h a b i t a t  a s  t h e  last  of t h e  f i v e  l i f e  form groups. The re fo re ,  i n  
y e a r  9 they had n o t  y e t  occupied 20% of t he  su r f ace .  The i r  r a t e  of 
sp read ,  however, compares c l o s e l y  t o  t h a t  of t he  mosses. None of t he  
s p e c i e s ,  shown a s  r e p r e s e n t a t i v e s  of t h e  f i v e  l i f e  form groups on FIG. 6 
i n d i c a t e d  any slow-down i n  r a t e  of spread  i n  year  9 .  Therefore ,  t he  
cu rves  may be  e x t r a p o l a t e d  t o  100% frequency,  and the  t i m e  of  t o t a l  
occupat ion  on t h e  c i n d e r  cone can be  es t imated  f o r  t h e  l i c h e n  t o  occur  
a t  approximately yea r  10 ,  f o r  t h e  a l g a e  near  year  12 ,  f o r  t h e  f e r n  
Nephrolepis  nea r  y e a r  1 8 ,  f o r  t h e  mosses and woody seed p l a n t s  nea r  
y e a r  24. This  t r end  can be  p r e d i c t e d ,  provided t h a t  t h e  r a i n f a l l  
p a t t e r n  remains r e l a t i v e l y  t h e  same a s  during the  obse rva t ion  yea r s .  
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However, i t  must be understood t h a t  t he  spread of p l a n t  l i f e  ac ros s  t he  
h a b i t a t  has  l i t t l e  t o  do w i t h  cover of the  spec i e s .  Cover, def ined  a s  
t h e  v e r t i c a l  p r o j e c t i o n  of shoo t  mass per  spec i e s  o r  colony s i z e ,  was 
still  q u i t e  i n s i g n i f i c a n t  f o r  a l l  invaded spec i e s  i n  year  9 .  A s  on the  
c r a t e r  f l o o r ,  t he  c i n d e r  cone s u r f a c e  looked p r a c t i c a l l y  s t i l l  ba r r en  
S p a t t e r  a r e a  wi th  t r e e  snags ( h a b i t a t  3) 
This  is  the  r e l a t i v e l y  s m a l l ,  narrow and elongated h a b i t a t  ad j acen t  
east of t h e  c inde r  cone ( h a b i t a t  2 )  and ad jacen t  south of Kilauea I k i  
(FIG. 2 ) .  It was de f ined  i n  o u t l i n e  by the  presence of Metrosideros 
tree snags  t h a t  remained s t and ing  o r  f e l l  down a f t e r  t h e  glowing-hot 
p y r o c l a s t i c  f a l l o u t  was depos i ted .  The new s u r f a c e  cons i s t ed  of 'welded 
s p a t t e r ' ,  i . e .  r e l a t i v e l y  l a r g e  chunks of c inder - l ike  p a r t i c l e s  t h a t  
were s t i l l  s o f t  from h e a t  and became welded upon depos i t i on .  The 
presence  of completely d e f o l i a t e d  t r e e s  (= snags)  provided a convenient ,  
mapable o u t l i n e  of h a b i t a t  3 ,  which was bordered on the  e a s t  s i d e  by 
t h e  s u r v i v i n g ,  s t i l l  w e l l - f o l i a t e d ,  Metrosideros s t and .  On the  no r th  
s i d e  i t  was bordered by t h e  lower s lope  of the  c inder  cone h a b i t a t .  I n  
t h e  f i r s t  year  a f t e r  t h e  e r u p t i o n  the  Park Serv ice  b u i l t  a boardwalk f o r  
v i s i t o r - u s e  rhrough h a b i t a t  3. 
Vegeta t ion  was sampled by two t r a n s e c t s ;  BB' , 60 m long,  w i th  s i x  
cont iguous 10 m x 10  m p l o t s  running east-west from t h e  i n t a c t  f o r e s t  t o  
t h e  c inde r  cone s l o p e ,  and E E ' ,  w i th  15 contiguous 10 m x 10 m p l o t s  
running north-south on t h e  c inde r  cone s i d e ,  5 m t o  10 m p a r a l l e l  t o  
t h e  boardwalk. 
Progres s  of invasion.--A d i r e c t i o n a l  advance of i nvas ion  of new 
s p e c i e s  a c r o s s  h a b i t a t  3 was recorded by s p e c i e s  presence i n  t he  s i x  10 m 
x 10 m cont iguous quadra t s  running from the  undisturbed f o r e s t  edge t o  
t h e  c i n d e r  cone s l o p e  over  a  d i s t a n c e  of 60 m (TABLE 3 ) .  
It can be  seen  t h a t  a l g a e  were p re sen t  over the  60 m b e l t - t r a n s e c t  
i n  a l l  6  quadra t s  beginning  wi th  t h e  f i r s t  year  a f t e r  t h e  e rup t ion .  
Mosses a r r i v e d  i n  t h e  second year  w i t h i n  the  f i r s t  20 m o f f  t he  
f o r e s t  edge and then  spread  a c r o s s  h a b i t a t  3 by advancing a l i t t l e  l e s s  
t han  10  m p e r  y e a r .  I n  yea r  7 ,  mosses were found i n  a l l  6  quadra ts .  
The l i c h e n ,  Stereoc,aulon v o l c a n i ,  a r r i v e d  toge the r  wi th  the  mosses 
i n  t h e  second yea r  and sgread  a  l i t t l e  f a s t e r  than 10 m per  yea r  ac ros s  
h a b i t a t  3 .  
The f e r n ,  Nephrolepis  e x a l t a t a ,  a r r i v e d  i n  the  f i r s t  yea r  and then 
sp read  wi th  a  s i m i l a r  r a t e  a s  Stereocaulon ac ros s  t he  h a b i t a t .  
Because of t h e  h i g h  number of seed p l a n t  s p e c i e s  t h a t  a r r i v e d  e a r l y  
i n  t h e  h a b i t a t ,  t h i s  group has  been f u r t h e r  s epa ra t ed  i n t o  g r a s s e s ,  
sedges ,  f o r b s ,  shrubs  and t r e e  s eed l ings  i n  TABLE 3 .  
Grasses  a r r i v e d  i n  t h e  f i r s t  year  and spread wi th  much t h e  same 
speed ( i . e . ,  10 m/year) a c r o s s  h a b i t a t  3 .  The f i r s t  g ra s ses  were t h r e e  
e x o t i c  p e r e n n i a l s ,  S e t a r i a  g e n i c u l a t a ,  Paspalum d i l a t a tum and Sporobolus 
a f r i c a n u s .  
A s e p a r a t i o n  i n t o  n a t i v e  and e x o t i c  spec i e s  a i d s  i n  t he  r e s u l t -  
i n t e r p r e t a t i o n  of t h e  fo l lowing  seed p l a n t  groups: 
Exo t i c  sedges a r r i v e d  a f t e r  the  second year  and pene t r a t ed  50 rn i n t o  
h a b i t a t  3 i n  t h e  seventh  y e a r ,  where they remained through the  n in th  
y e a r .  A t  t h a t  t ime,  a  n a t i v e  sedge,  Carex wahuensis,  made i ts  ent rance  
t 
TABLE 3. Progres s ion  of invaders  from undisturbed f o r e s t  edge 
a c r o s s  h a b i t a t  3 towards c inde r  cone a long  t h e  
60 m b e l t - t r a n s e c t  BB' (FIG. 2) 
Year 
L i f e  forms a f t e r  1 2 3 4 7 9  
e r u p t i o n  1960 1961 1962 1963 1966 1968 
a l g a e  
mosses 
l i c h e n s  
f e r n s  
g r a s s e s  
sedges  
n a t i v e  
e x o t i c  
f  o r b s  
n a t i v e  
e x o t i c  
sh rubs  
n a t i v e  
e x o t i c  
tree seed l ings  
n a t i v e  
e x o t i c  -- -- 20 m 40 m 60 m 60 m 
a t  t h e ' 5 0  m p a r t  of t h e  t r a n s e c t ,  b u t  t h i s  spec i e s  occurred only  i n  one 
of t h e  f i v e  quadra t s .  
Forbs occurred  t o g e t h e r  w i th  t h e  a lgae ,  f e r n s  and g r a s s e s  i n  t he  
f i r s t  y e a r  a f t e r  t h e  e r u p t i o n .  One of t hese  was a  n a t i v e  s p e c i e s ,  
A s t e l i a  menziesiana,  ano the r  an e x o t i c ,  Eupatorium r ipar ium. Exotic  
h e r b s  p e n e t r a t e d  r a p i d l y  a c r o s s  t h e  t r a n s e c t ,  reaching the  60 m p a r t  i n  
t h e  f o u r t h  y e a r  a f t e r  t h e  e rup t ion .  A s t e l i a  advanced another  10 m i n t o  
h a b i t a t  3 i n  t h e  t h i r d  y e a r .  It remained i n  the  f i r s t  two quadra ts  
throughout  t h e  nine-year o b s e r v a t i o n a l  per iod .  But a  second n a t i v e  he rb ,  
Hedyotis  cen th ran tho ides ,  was recorded i n  two quadra ts  i n  t h e  n in th  
yea r .  One of t h e s e  was t h e  f i f t h  quadra t .  
An e x o t i c  shrub ,  Rubus r o s a e f o l i u s ,  appeared i n  t h e  f i r s t  year  
a f t e r  t h e  e r u p t i o n  i n  t he  f i r s t  quadra t .  The rea f t e r ,  i t  was joined by 
s e v e r a l  o t h e r  s p e c i e s ,  f o r  example, Rubus pene t r ans ,  i n  t he  second yea r .  
However, t h i s  group d i d  n o t  advance beyond the  40 m s e c t i o n  of the  
t r a n s e c t  . 
I n  c o n t r a s t ,  a  n a t i v e  shrub ,  Dubautia scabra ,  d i d  no t  appear u n t i l  
t h e  second year .  It was then  joined by o t h e r  n a t i v e  shrubs  i n  the  fou r th  
y e a r ,  no t ab ly  Vaccinium r e t i c u l a t u m  and Vaccinium calycinum. Both 
Dubautia  and Vaccinium r e t i c u l a t u m  spread r a p i d l y  t o  t he  s i x t h  p l o t ,  
where they  were recorded i n  t h e  seventh yea r .  
Tree  s e e d l i n g s  d i d  no t  a r r i v e  u n t i l  the  t h i r d  yea r .  These included 
on ly  two s p e c i e s ,  t h e  n a t i v e  Metrosideros polymorpha and t h e  introduced 
weed-tree Buddleja a s i a t i c a .  Both t r e e s  spread wi th  t h e  same r a t e  
a c r o s s  t h e  60 m t r a n s e c t  and were found i n  t he  s i x t h  p l o t  i n  the  
seven th  yea r  (1966). 
Although d i r e c t i o n a l  p rog res s  was not  measured along t r a n s e c t  EE'  
(FIG. 2 ) ,  p l a n t s  were observed t o  a r r i v e  slowly i n  t he  n o r t h e a s t  
s e c t o r  and t o  p r o g r e s s  toward t h e  southwest.  
F l o r i s t i c  p a t t e r n  i n  comparison t o  h a b i t a t s  1 and 2.--As pointed 
o u t  b e f o r e ,  t h e  a r r i v a l  sequence of l i f e  forms and spec i e s  d i f f e r e d  
from those  i n  h a b i t a t s  1 and 2. APPENDIX 3 shows t h a t  seed p l a n t s  were 
among t h e  f i r s t  i nvade r s  t oge the r  wi th  the  a l g a  Stigonema panniforme and 
t h e  f e r n  Nephrolepis  e x a l t a t a .  Mosses and l i c h e n s  a r r i v e d  i n  the  second 
yea r .  Thus, w i t h i n  t h e  group of cryptogams, the  sequence of a r r i v a l  
remained s i m i l a r  t o  t h a t  on t h e  two p rev ious ly  d iscussed  h a b i t a t s ,  b u t  
t h e  a r r i v a l  of seed  p l a n t s  t oge the r  wi th  the  cryptogams i s  a  s i g n i f i c a n t  
d e p a r t u r e  f o r  h a b i t a t  3 .  It is  a l s o  of i n t e r e s t  t h a t  t h e s e  f i r s t  seed 
p l a n t  p ionee r s  were a l l  e x o t i c s  except  f o r  one, t he  fo rb  A s t e l i a  
menziesiana.  This  s p e c i e s  grows normally a s  an ep iphyte  on very o ld  
Metros ideros  t r e e s  i n  t h e  montane r a i n  f o r e s t .  I n  h a b i t a t  3 ,  A s t e l i a  
grew d i r e c t l y  on t h e  a sh .  The e x o t i c s  t h a t  appeared a s  f i r s t  a r r i v a l s  
i n  y e a r  1 were t h e  shrub  Rubus r o s a e f o l i u s ,  t h r e e  g ra s ses  (Paspalum 
d i l a t a t u m ,  S e t a r i a  g e n i c u l a t a  and Sporobolus a f r i c a n u s )  and one forb  
(Eupatorium r ipa r ium) .  Except f o r  t he  shrub l i f e  form, t h e r e  a r e  very 
few n a t i v e  s p e c i e s  among t h e  g r a s s e s  and fo rbs  i n  t h i s  c l i m a t i c  zone 
(Doty and Mueller-Dombois 1966) t h a t  could b e  expected a s  e a r l y  invaders .  
A second, remarkable d e p a r t u r e  t o  t he  spec i e s  i nvas ion  p a t t e r n  of 
h a b i t a t s  1 and 2 i s  t h e  very  r a p i d  i n c r e a s e  i n  the  number of spec i e s  i n  
h a b i t a t  3. They inc reased  from 8 i n  yea r  1 t o  64 i n  yea r  9 .  This 
i n c r e a s e  i n  s p e c i e s  i s  p a r t i c u l a r l y  noteworthy i n  t he  group of mosses, 
r! g r a s s e s ,  sedges ,  and f o r b s .  
lhe f i r s t  t h r e e  moss s p e c i e s  i n  APPENDIX 3 a r e  t h e  common pioneer  
mosses found a l s o  i n  h a b i t a t s  1 and 2, t h e  o the r  12  mosses a r e  unique 
t o  t h i s  h a b i t a t .  The i n c r e a s e  i n  number of moss s p e c i e s  was explos ive  
i n  y e a r  7. This  c o r r e l a t e s  w i th  a r a t h e r  sudden recovery of t he  woody 
p l a n t s  t h a t  began t o  provide  shade over much of t h e  s p a t t e r  s u r f a c e  
on h a b i t a t  3.  Thi s  woody p l a n t  recovery i s  documented by t h e  photographic 
record  ( s e e  FIG. 9 ) .  Except f o r  -- Ceratodon purpureus ,  t h e  mosses t h a t  
invaded h a b i t a t  3 i n  y e a r  7 and 9 a r e  s p e c i e s  of t he  r a i n  f o r e s t .  Thus, 
t h e  sudden i n c r e a s e  i n  moss s p e c i e s  i n d i c a t e s  a s i g n i f i c a n t  change i n  
microc l imate  n e a r  t h e  ground i n  h a b i t a t  3 .  The change t o  a con t inua l ly  
mo i s t e r  microc l imate  n e a r  t h e  ground began i n  yea r  4 w i th  t h e  a r r i v a l  
of Bryum c ra s s i cos t a tum and Macromitrium owahiense. 
The second major f l o r i s t i c  d i f f e r e n c e  t o  t he  f i r s t  two h a b i t a t s  is  
i n  t h e  e a r l y  e s t ab l i shmen t  of a spec i e s - r i ch  herbaceous component i n  
h a b i t a t  3. This  a l s o  i n d i c a t e s  much more mesic condi t ions .  Only two 
s p e c i e s  i n  t h e  herbaceous component a r e  endemic, t h e  sedge Carex . 
wahuensis and t h e  f o r b  A s t e l i a  menziesiana. A l l  n ine  g ra s ses ,  t h r e e  
sedges and twenty f o r b  s p e c i e s  a r e  e x o t i c s .  It seems apparent t h a t  
t h e s e  e x o t i c  he rbs  f i l l  an almost empty n iche  i n  t h e  invas ion  process  on 
new vo lcan ic  m a t e r i a l s .  Some of t h e s e  made t h e i r  en t r ance  a l ready  on 
t h e  c r a t e r  f l o o r  ( h a b i t a t  I ) ,  and i t  is t o  be expected t h a t  many i f  no t  
a l l  of t h e  e x o t i c  he rbs  l i s t e d  i n  APPENDIX 3 w i l l  a l s o  become e s t a b l i s h e d  
i n  t h e  o t h e r  new h a b i t a t s  i n  t h e  r a i n  f o r e s t  c l imate .  
Succession.--The spec i e s  frequency d a t a  i n  APPENDIX 3 shows a r ap id  
r a t e  of sp read  over  h a b i t a t  3 f o r  a number of spec i e s .  For example, t h e  
a l g a e  were found i n  a l l  21  quadra ts  a l r eady  i n  year  4 ,  t h e  moss 
Campylopus exaspe ra tus  and t h e  l i c h e n  Cladonia s k o t t s b e r g i i  i n  year  7 
and t h e  p ionee r  f e r n  Nephrolepis  e x a l t a t a  had spread  a c r o s s  nea r ly  t h e  
e n t i r e  h a b i t a t  i n  y e a r  9 .  Th i s  i n d i c a t e s  a  much f a s t e r  r a t e  of 
occupat ion  than  was shown f o r  t h e  c inde r  cone ( h a b i t a t  2 ) .  
A few s p e c i e s  showed a l r e a d y  a  d e c l i n e  i n  t e r r i t o r i a l  ga ins  over  
t h e  n i n e  y e a r  pe r iod  i n  h a b i t a t  3 .  This  is  of s i g n i f i c a n c e  because t h e  
d e c l i n e  may i n d i c a t e  t h e  beginnings  of a  success ion .  
A d e f i n i t e  t e r r i t o r i a l  r educ t ion  was shown by the  moss Campylopus 
d e n s i f o l i u s ,  which showed i t s  peak spread  wi th  95% frequency i n  year  7 
and t h e r e a f t e r  was found on ly  i n  10% of t he  p l o t s .  Here, a  succes s iona l  
replacement  w i t h  one o r  s e v e r a l  of t he  r a i n  f o r e s t  mosses i s  ind ica t ed  
i n  t h e  ground l a y e r .  
Among t h e  s h r u b s ,  a  d e f i n i t e  t e r r i t o r i a l  d e c l i n e  was shown i n  t h e  
two Rubus s p e c i e s  (g. r o s a e f o l i u s  and - R. pene t r ans )  from t h e i r  peak 
d i s t r i b u t i o n  i n  y e a r  4 .  It was observed t h a t  spaces occupied by c e r t a i n  
i n d i v i d u a l s  of t h e s e  e x o t i c  s p e c i e s  were l a t e r  invaded by i n d i v i d u a l s  of 
t h e  n a t i v e  shrubs  Dubautia  s cab ra  and Vaccinium re t i cu l a tum.  Thus, i n  
t h e s e  c a s e s  a s u c c e s s i o n a l  replacement of e x o t i c  by n a t i v e  shrubs was 
i n d i c a t e d .  The same phenomenon was observed wi th  the  e x o t i c  weed-tree 
Buddleja  a s i a t i c a  which showed s i g n i f i c a n t  t e r r i t o r i a l  r educ t ion  i n  
y e a r  9 .  A l a r g e  number of mature i n d i v i d u a l s  of Buddleja were dying o f f  
r a t h e r  suddenly.  The Buddleja-dying took p l ace  p a r t i c u l a r l y  among 
t h o s e  i n d i v i d u a l s  t h a t  grew a t  t he  bases  of Metrosideros snags t h a t  had 
C 
r e sp rou ted  from t h e  base .  The p o s s i b i l i t y  of compet i t ive  replacement of 
Buddleja  t r e e s  by Wetrosideros t r e e s  was i n d i c a t e d .  
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&ong t h e  g r a s s e s ,  d e f i n i t e  t e r r i t o r i a l  reduct ions  occurred i n  
Paspalum d i l a t a t u m  and S e t a r i a  g e n i c u l a t a  . Sporobolus a f r i c a n u s  
d isappeared  completely from t h e  p l o t s  i n  year  7 .  These t h r e e  g ra s s  
s p e c i e s  were a l s o  t h e  ones t h a t  occurred a l ready  i n  yea r  1. Thei r  peak 
d i s t r i b u t i o n  was i n  yea r  4 .  The i r  d e c l i n e  co inc ides  w i th  t h e  
appearance of t h e  mosses, which ind ica t ed  a change i n  microcl imate near  
t h e  ground caused by inc reased  shading of t he  woody p l a n t s .  However, 
t h e  d e c l i n e  of t he  g r a s s e s  was noted a l s o  i n  unshaded p l aces .  Here t h e  
g r a s s e s  Holcus l a n a t u s  and Pennisetum clandestinum and t h e  sedge Cyperus 
po lys t achyos  took over  some of t h e  space of the  above d e c l i n i n g  s p e c i e s  
i n d i c a t i n g  compet i t ive  replacement .  
S imi l a r  replacement r e l a t i o n s  were observed among the  f o r b s .  A f t e r  
y e a r  4 ,  t h e  f i r s t  invading  Eupatorium r ipar ium l o s t  much of i t s  
t e r r i t o r y  by die-back. S i g n i f i c a n t  decreases  occurred a l s o  i n  Geranium 
caro l in ianum,  Sonchus o l e raceus  and E r e c h t i t e s  v a l e r i a n a e f o l i a .  L a t e r  
i nvade r s  and d e f i n i t e  i n c r e a s e r s  were Commelina d i f f u s a ,  Hypochaeris. 
r a d i c a t a  and Epilobium cinereum. 
Therefore ,  succes s ion  through competi t ion was d e f i n i t e l y  i nd ica t ed  
i n  h a b i t a t  3 .  While among t h e  woody p l a n t s  t he re  was a t r end  towards 
g r e a t e r  h a b i t a t  occupat ion  by n a t i v e  p l a n t s  on expense of e x o t i c  shrubs ,  
t h e  compet i t ion  i n  t h e  herbaceous group was s t r i c t l y  among e x o t i c s .  
Pumice a r e a  wi th  t r e e  snags ( h a b i t a t  4 )  
Th i s  h a b i t a t  c o n s i s t s  of t h e  a r e a  where the f i r s t  snag tops  of 
b u r i e d  t r e e s  began t o  appear  above the  pumic b lanket .  The boundary 
3 - extends  t o  t h e  s u r v i v a l  t r e e  l i n e  of h a b i t a t  5 where the  maximum pumice 
dep th  was about  3  m (FIG. 2 and 3 ) .  A s i n g l e  t r e e  f e r n  (Cibotium 
glaucum) was t h e  only  p l a n t  t h a t  was observed t o  su rv ive  the  deep 
b u r i a l  and pumice b l a s t .  I n  t h e  n i n t h  yea r  t h i s  p l a n t  s t i l l  d isp layed  
good v i g o r ,  b u t  no a d d i t i o n a l  specimens had appeared. Since most of t h i s  
h a b i t a t  a r e a  l i e s  a l r e a d y  i n  t h e  a r e a  of the  former seasona l  f o r e s t  
(FIG. 2 ) ,  no a d d i t i o n a l  t r e e  f e r n  specimens were expected. The t r e e  
f e r n  Cibotium glaucum is  a c h a r a c t e r i s t i c  p l a n t  of t h e  r a i n  f o r e s t .  
A r r i v a l  p a t t e r n  i n  comparison t o  h a b i t a t s  1, 2 and 3.--The gene ra l  
d i r e c t i o n  of  i nvas ion  wad from b o t h ,  e a s t e r n  and western boundaries  of 
t h e  h a b i t a t  towards t h e  c e n t e r ,  b u t  t he  new p l a n t s  became e s t a b l i s h e d  
i n  a wide ly  s c a t t e r e d  format ion .  
APPENDIX 4 shows t h e  invading spec i e s  f o r  t h e  72 .quadra ts .  No new 
p l a n t  was recorded i n  y e a r  1. I n  year  2, seed p l a n t s  became e s t a b l i s h e d  
a c o r r e l a t i o n  of immediate seed  p l a n t  es tab l i shment  and presence of 
s i g n i f i c a n t  o rgan ic  r e s i d u e s  of a former vege ta t ion  (he re ,  t h e  t r e e  
snags)  on new vo lcan ic  s u r f a c e s .  The p ioneer  seed p l a n t s  a r r i v i n g  i n  
y e a r  2 i n  h a b i t a t  4 were t h e  e x o t i c  shrub Rubus r o s a e f o l i u s ,  t he  n a t i v e  
t r e e  Metros ideros  polymorpha (as  s eed l ing )  and the composite weed 
E r e c h t i t e s  v a l e r i a n a e f o l i a .  
The cryptogam-arr ival  sequence was s i m i l a r  t o  t h a t  on the  
p rev ious ly  d i scussed  h a b i t a t s ,  except ,  t he  p o t e n t i a l  semi-tree f z r n  
S a d l e r i a  cya theoides  appeared a l r e a d y  toge the r  with Nephrolepis 
e x a l t a t a  i n  y e a r  2 .  I n  h a b i t a t s  1 and 2, Sad le r i a  appeared a  year  a f t e r  
t o g e t h e r  w i t h  t h e  f i r s t  cryptogams, Simultaneous a r r i v a l  of seed p l a n t s  
and cryptogams was a l s o  noted  i n  h a b i t a t  3. Both these  h a b i t a t s  ( 3  and 
4 )  were c h a r a c t e r i z e d  by t h e  s t and ing  t r e e  snags.  Therefore ,  t h e r e  is  
Nephrolep is .  Again, t h e  l i c h e n  Stereocaulon vo lcan i  a r r i v e d  a  yea r  
a f t e r  t h e  o t h e r  cryptogams ( a l g a e ,  mosses and f e r n s ) .  
Among t h e  seed p l a n t s ,  s e v e r a l  more woody s p e c i e s  became e s t a b l i s h e d  
i n  y e a r  3  (2 e x o t i c s ,  Rubus p e n e t r a n s  and Buddleja a s i a t i c a  and one 
n a t i v e  Dubautia s c a b r a ) ,  wh i l e  only two a d d i t i o n a l  f o r b s  appeared. 
These were a l s o  weedy composites (Sonchus o le raceus  and Hypochaeris 
r a d i c a t a ) .  I n  c o n t r a s t  t o  h a b i t a t  3 ,  g ra s ses  a r r i v e d  very  l a t e ,  on ly  
i n  y e a r  7 (Andropogon v i r g i n i c u s ) .  Only one more g r a s s  s p e c i e s  (Holcus 
l a n a t u s )  became a s s o c i a t e d  i n  y e a r  9 .  Also, the  r a i n  f o r e s t  mosses 
found i n  h a b i t a t  3 never  a r r i v e d  i n  h a b i t a t  4 .  
The comparison t o  h a b i t a t  3  is  of i n t e r e s t  because both h a b i t a t s  
had t h e  t r e e  snags i n  common. TABLE 4 shows the  number of seed p l a n t  
s p e c i e s  found i n  t h e  two h a b i t a t s .  
Hab i t a t  3  r ece ived  more r a i n f a l l  than h a b i t a t  4 ( s ee  r a i n f a l l  
g r a d i e n t ,  FIG. 3 ) .  H a b i t a t  3 w a s  i n  t h e  r a i n  f o r e s t  t e r r a i n  and h a b i t a t  
4 a l r e a d y  i n  what was former ly  mapped a s  seasonal  f o r e s t  ( s e e  boundary 
on FIG. 2 ) .  This  mo i s tu re  d i f f e r e n c e  may i n  p a r t  exp la in  t h e  d i f f e r e n t  
p a t t e r n  i n  seed p l a n t  e s t ab l i shmen t  on t h e  two h a b i t a t s .  Another 
d i f f e r e n c e  i s  i n  t h e  g r e a t e r  water  ho ld ing  capac i ty  of t h e  s p a t t e r  i n  
h a b i t a t  3  a s  compared t o  t h a t  of t he  pumice i n  h a b i t a t  4. This  w i l l  b e  
d i scussed  l a t e r .  The g r e a t e r  d i s t a n c e  away from an i n t a c t ,  su rv iv ing  
s t a n d ,  of course ,  a l s o  was impor tan t .  The disseminules  reachiag  h a b i t a t  
4 had t o  b e  c a r r i e d  over  a g r e a t e r  d i s t a n c e .  This  may have e l imina ted  
t h e  e s t ab l i shmen t  of a  number of g r a s s  spec i e s  i n  h a b i t a t  4 t h a t  were 
p r e s e n t  i n  h a b i t a t  3 .  However, t h e  disseminule d i s p e r s a l  l i m i t a t i o n  was 
probably a  l e s s e r  f a c t o r  among the  moss s p e c i e s .  The absence of r a i n  
TABLE 4. Number of seed  p l a n t  s p e c i e s  i n  t he  t w o  p y r o c l a s t i c  
h a b i t a t s  w i t h  t r e e  snags ( h a b i t a t s  3 and 4) 
L i f e  form 1 2 3  4 7 9  
and h a b i t a t  Year 1960 1961 1962 1963 1966 1968 
Woody p l a n t s  
h a b i t a t  3 
h a b i t a t  4 
Grasses 
h a b i t a t  3 
h a b i t a t  4 
Sedges 
h a b i t a t  3  
h a b i t a t  4 
Forbs 
h a b i t a t  3  
h a b i t a t  4 
f o r e s t  mosses i n  h a b i t a t  4 p o i n t s  t o  water r a t h e r  than  t o  d i s p e r s a l  a s  
t h e  more important  l i m i t i n g  f a c t o r  i n  e a r l y  s p e c i e s  d i v e r s i t y .  
Q u a n t i t a t i v e  sp read  of s p e c i e s  i n  comparison t o  h a b i t a t  2.--FIG. 7 
shows t h e  r a t e s  of s p r e a d  i n  10  m x 10  m squares  of s i x  s e l e c t e d  s p e c i e s  
over  t h e  s u r f  ace a r e a  of  h a b i t a t  4. The s i x  spec i e s  were the  most widely 
d i s t r i b u t e d  i n  h a b i t a t  4. A comparison of FIG. 7 w i th  FIG. 6 shows 
t h a t  t h e  r a t e s  of sp read  were q u i t e  s i m i l a r  on bo th ,  t h e  c inde r  cone 
and pumice-with-tree snags  h a b i t a t .  The pioneer  a lgae  and l i c h e n s  on 
bo th  h a b i t a t s  showed t h e  f a s t e s t  r a t e  of spread.  The p ioneer  moss 
Rhacomitrium and t h e  woody p l a n t  s eed l ings  a l s o  d isp layed  s i m i l a r ,  b u t  
much s lower r a t e s  than  t h e  a l g a e  and l i chens .  The f e r n  Nephrolepis 
e x a l t a t a  progressed  on ly  h a l f  a s  r a p i d l y  i n  h a b i t a t  4 (FIG. 7 )  than  on 
t h e  c inde r  cone (FIG. 6 ) .  This  is  undoubtedly r e l a t e d  t o  t he  number of 
f i s s u r e s  i n  t h e  s u b s t r a t e  s u r f a c e .  There were many more c racks  and 
c r e v a s s e s  on t h e  c i n d e r  cone s u r f a c e  than on t h e  pumice-with-snags 
h a b i t a t .  While Nephrolepis  became e s t a b l i s h e d  a l s o  on t h e  l e v e l  pumice 
s u r f a c e ,  i t  t akes  a  foo tho ld  much more r e a d i l y  i n  c racks  a s  noted 
p a r t i c u l a r l y  f o r  h a b i t a t  1 (FIG. 5 ) .  
Pumice a r e a  w i t h  su rv iv ing  t r e e s  ( h a b i t a t  5) 
This  h a b i t a t  was covered wi th  a  b l anke t  of pumice vary ing  from 3 m 
depth  a t  i t s  boundary t o  h a b i t a t  4 t o  about 25 cm depth a t  i t s  boundary 
t o  h a b i t a t  6  (FIG. 2 and 3 ) .  
Under t h i s  ash  d e p o s i t ,  most Metrosideros t r e e s  p l u s  22 o the r  s p e c i e s  
surv ived .  The i r  recovery  w i l l  be  d iscussed  l a t e r .  
A s e p a r a t e  record  was kep t  of new invaders  and s u r v i v a l  p l a n t s .  The 
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Rate of spread across pumice-with-snags habitat (4) 
for selected species in five life form groups. 
l ist  of qew invaders  is  shown i n  APPENDIX 5. 
S i m i l a r l y ,  a s  i n  h a b i t a t  4, no new invader was noted i n  year  1. 
I n  year  2 ,  t he  t y p i c a l  pioneer cryptogams a r r ived  (an a l g a ,  Stigonema, 
a moss, Campylopus d e n s i f o l i u s ,  and the  f e r n ,  Nephrolepis e x a l t a t a ) .  
Again, the  f i r s t  l i c h e n  (Stereocaulon volcani )  was the  l a s t  of the  
cryptogamic l i f e  forms by a r r i v i n g  i n  year  3. But then i t  was noted 
a l l  over the  h a b i t a t .  Of s ign i f i cance  i s  a l s o  the  a r r i v a l  of seed p l a n t s  
together  wi th  the  pioneer cryptogams i n  the  f i r s t  a r r i v a l  year.  Thus, 
the  same l i f e  form a r r i v a l  sequence was recorded a s  i n  the  h a b i t a t s  with 
snags (3  and 4 ) .  The f i r s t  seed p l a n t s  were an exo t i c  sedge (Cyperus 
b r e v i f o l i u s )  and an e x o t i c  fo rb  (Eupatorium riparium). Eupatorium 
riparium was a l s o  the  f i r s t  forb  t o  vigorously invade h a b i t a t  3 ,  and 
Cyperus b r e v i f o l i u s  a l s o  was t h e  f i r s t  sedge together  with Cyperus 
rotundus t o  invade h a b i t a t  3 i n  year  3 i  
There a r e  o t h e r  f l o r i s t i c  s i m i l a r i t i e s  between h a b i t a t s  3 and 5 i n  
s p i t e  of the  f a c t  t h a t  h a b i t a t  4 sepa ra tes  the  two (FIG. 2 ) .  This . 
c l o s e r  f l o r i s t i c  s i m i l a r i t y  of h a b i t a t  5 with 3 i s  shown, f o r  example, 
i n  the  mosses, among which i n  add i t ion  t o  the  usual  pioneers,  three  
shade-mosses became e s t a b l i s h e d  (Bryum argentum var.  lanatum, Dicranum 
speirophyllum and Thuidium plicatum). These ar r ived i n  year  9 ,  i nd ica t ing  
a change i n  microclimate near  the  ground a t  t h a t  time. This change was 
caused by the  expanding crown-cover of the  surviving Metrosideros t r e e s .  
Other p l a n t s  i n d i c a t i n g  s i m i l a r i t i e s  i n  microenvironment with h a b i t a t  3 
U, are the  g rass  Paspalum d i l a t a tum,  the  sedges Cyperus polystachyos and 
Gahnia gahniaeformis and the  forbs  Fragaria vesca var .  a lba ,  Cirsium 
b - vulgare ,  Anemone japonica and Eupatorium riparium, which were common 
t o  only these  two h a b i t a t s  (3  and 5) .  
It is i n t e r e s t i n g  t h a t  no n a t i v e  woody p l a n t  invaded h a b i t a t  5 .  The 
on ly  woody invade r s  were the  e x o t i c  shrubs ,  Rubus r o s a e f o l i u s  and R. 
p e n e t r a n s  . 
Thin f a l l o u t  a r e a ,  upper Kau Deser t  ( h a b i t a t  6)  
This  h a b i t a t  had t h e  l e a s t  vo lcan ic  d i s tu rbance  among the  s i x .  The 
pumice b l a n k e t  v a r i e d  from l e s s  than  25 cm t o  about 2 cm depth (FIG. 2 ) .  
The h a b i t a t  had been s p a r i n g l y  s tocked wi th  low-growing woody p l a n t s  
b e f o r e  t h e  e r u p t i o n .  The s c a t t e r e d  Metrosideros t r e e s  were s c a r c e l y  
more than  2 m t o  3 m t a l l .  Recovery of su rv iv ing  p l a n t s  was of 
importance h e r e .  But ,  a number of new invaders  were recorded a l s o .  
APPENDIX 6 shows t h e  l i s t  of new invaders  recorded i n  h a b i t a t  6 .  
Algae a r r i v e d  i n  y e a r  2 and mosses, f e r n s ,  l i c h e n s  and seed p l a n t s  (a  
sma l l  annual  sedge ,  B u l b o s t y l i s  c a p i l l a r i s )  became added i n  year  3 .  
Thus, seed  p l a n t s  a r r i v e d  toge the r  wi th  most o t h e r  cryptogamic l i f e  forms 
a l s o  i n  t h i s  h a b i t a t  a s  i n  t h e  o t h e r s  w i th  snags o r  su rv iv ing  p l a n t s .  The 
f i r s t  a r r i v a l  of a l g a e  fo l lows  t h e  gene ra l  p a t t e r n  observed i n  a l l  o t h e r  
h a b i t a t s .  Thus, t h e r e  is  no s i g n i f i c a n t  depa r tu re  i n  a r r i v a l  sequence 
of l i f e  forms from t h e  previous  h a b i t a t s ,  except  two important  p ioneers  
were l ack ing .  The moss Rhacomitrium lanuginosum v a r .  pruinosum and t h e  
f e r n  Nephrolepis  e x a l t a t a  d id  not  appear among the  p ioneers .  This i s  
probably r e l a t e d  t o  t h e  lower r a i n f a l l .  Another f l o r i s t i c  d i f f e r e n c e  i s  
t h e  appearance,  among t h e  p ionee r s ,  of t he  annual  sedge Bulbos ty l i s  
ea 
c a p i l l a r i s ,  which is  a c h a r a c t e r i s t i c  p l a n t  on ash i n  t he  seasonal  
c l i m a t e ,  b u t  no t  found i n  t he  r a i n  f o r e s t  c l ima te  (Doty and Mueller- 
o Dombois 1966).  The g r a s s  Rhynchelptrun repens a l s o  i n d i c a t e s  the change 
t o  a d r i e r  c l i m a t e  i n  t h i s  h a b i t a t .  The Rubus s p e c i e s  d i d  no t  invade,  
i n s t e a d  on ly  two e x o t i c  woody p l a n t s  made t h e i r  en t r ance  i n  year  7 and 
9 a f  t e r  t h e  d i s t u r b a n c e ,  Psidium ca t t l e i anum and Buddleja a s i a t i c a .  
As i n  h a b i t a t  5 ,  Met ros ideros  t r e e  s eed l ings  d i d  no t  appear i n  t h e  n i n e  
y e a r  obse rva t ion  pe r iod .  
RECOVERY OF VEGETATION 
Surviving s p e c i e s  
TABLE 5 shows a l i s t  of t h e  s p e c i e s  t h a t  surv ived  t h e  e rup t ion  i n  
t h e  "Devastated Area." No p l a n t  surv ived  on t h e  Kilauea c r a t e r  f l o o r  
( h a b i t a t  1 )  o r  t h e  c i n d e r  cone ( h a b i t a t  2 ) .  
I n  t h e  s p a t t e r - w i t h - t r e e  snags h a b i t a t  ( 3 ) ,  fou r  spec i e s  surv ived .  
S e v e r a l  of t h e  M e t r o s i d e !  t r e e  snags t h a t  were i n i t i a l l y  be l i eved  t o  
b e  dead, r e sp rou ted  from t h e  base .  These were t r e e s  near  t he  e a s t e r n  
b o r d e r  of h a b i t a t  3 ,  which ad jo ined  t h e  r e l a t i v e l y  undamaged r a i n  
f o r e s t  (FIG. 2 ) .  The s p a t t e r  was less than  30 cm deep where r e sp rou t ing  
from t h e  b a s e  occurred .  The r e sp rou t ing  t r e e s  were l a r g e r  than 20 cm 
diameter  a t  t h e  base .  The f l u s h i n g  from t h e  base  of completely 
d e f o l i a t e d  t r e e s  began a t  t h e  bo rde r ,  where t h e  s p a t t e r  was sha l lowes t .  
It progressed  towards about  30 m from t h e  bo rde r ,  where t h e  s p a t t e r  was 
about  50 cm deep. The t e r r i t o r i a l  spread  was r e f l e c t e d  i n  i nc reas ing  
frequency v a l u e s  from 14% i n  y e a r  1 t o  38% i n  year  9 .  I n  c o n t r a s t ,  
s u r v i v a l  of t h e  two t r e e  f e r n  s p e c i e s  (Cibotium glaucum and S a d l e r i a  
b 
cyatheoides)  was f a i r l y  c o n s t a n t  through t h e  obse rva t ion  period.  A f t e r  
s l a shed  o f f .  New f ronds  began t o  t h e  a sh  f a l l o u t ,  a l l  f ronds  were 
n 
r e s p r o u t  a f t e r  6 months (year  1 ) .  Tree f e r n s  surv ived  only where 
{ 
TABLE 5. Surviving species in 1968 by habitats. 
Values are in percent frequency. 
. Habitat 
Species 3 4 5 6 
TREES 
Metrosideros polymorpha 3 8 - 100 100 
Persea americana - - 3 - 
SHRUBS 
Vaccinium reticulatum 
Dubautia scabra 
Dubautia ciliolata 
Styphelia tameiameia 
Dodonaea viscosa 
Vaccinium calycinum 
Wikstroemia sandwicensis 
Coprosma ernodeoides 
Osteomeles anthyllidifolia 
*Fuchsia magellanica var. discolor 
*Psidium guajava 
*Rosa sp. 
Rumex giganteus 
FERNS 
Cibotium glaucum 
Sadleria cyatheoides 
Nephrolepis hirsutula 
Pteridium decompositum 
Pteris cretica 
Polypodium pellucidum 
*Pityrogramma calomelanus 
SEDGES 
Machaerina augustifolia 
Gahnia gahniaeformis 
GRASS 
C Deschampsia australis 
TABLE 5.  (Continued) Surviving species i n  1968 by habitats. 
Values are i n  percent frequency. 
Habitat 
Species 3 4 5 6 
FORBS (Geophytes) 
Dianella sandwicens i s  - - - 6 0 
Astel ia  menziesiana - - 13 - 
*Tritonia crocosmaefolia - - 3 .. 
*Hedychium coronarium - - 3 - 
*Spathoglottis p l i cata  10 - - - 
Total species  
*Exotic species  
t h e  apex of t h e  s t e m  was n o t  bur ied .  I n  c o n t r a s t ,  t h e  e x o t i c  orch id  
S p a t h o g l o t t i s  p l i c a t a  appeared from bulbs  i n  year  3 t h a t  were bu r i ed  
under 10  cm of s p a t t e r  nea r  t h e  r a i n  f o r e s t  border .  
I n  t h e  pumice-with-tree-snags a r e a  ( h a b i t a t  4 ) ,  only one i n d i v i d u a l  
of Cibotium glaucum su rv ived  on t r a n s e c t  DD' (FIG. 2) .  The t runk of t h i s  
i n d i v i d u a l  was b u r i e d  under about 1 .5  m ash  and t h e  top  50 cm remained 
above t h e  s u r f a c e .  The t r e e  f e r n  regained f u l l  v i g o r  soon a f t e r  year  1 
and maintained t h i s  v i g o r  throughout t he  obse rva t ion  period.  
The l a r g e s t  number of s p e c i e s  (23) surv ived  i n  h a b i t a t  5. The 
major f a c t o r  i n  comparison t o  h a b i t a t  4 w a s  undoubtedly the  shal lower 
a sh  b l a n k e t ,  which v a r i e d  along t r a n s e c t  AA' from 300 cm a t  t h e  border  
of h a b i t a t  4 t o  25 cm a t  t h e  border  of h a b i t a t  6 (FIG. 2).  The p h y s i c a l  
damage from the  f a l l o u t  i t s e l f  was a l s o  much reduced i n  comparison t o  
h a b i t a t  4. For example, most of t h e  Metrosideros t r e e s  r e t a i n e d  t h e i r  
ba rk  on t h e  leeward s i d e  near  the  border  of h a b i t a t  4 ,  whi le  they r e t a i n e d  
bark  a l l  around t h e  s tem and even sma l l e r  branches and few f o l i a g e  
remnants nea r  t h e  bo rde r  of h a b i t a t  6.  Recovery was almost immediate 
w i t h i n  a few months a f t e r  t he  f a l l o u t .  
I n  t h i s  h a b i t a t  a l s o  a l a r g e  number of shrub s p e c i e s  surv ived ,  
namely 9 n a t i v e  and 3 e x o t i c  s p e c i e s  (TABLE 5 ) .  Also,  t he  two t r e e  
f e r n s  p l u s  two herbaceous f e r n s  (Nephrolepis h i r s u t u l a  and Pter id ium 
decompositum) were among t h e  su rv ivo r s .  The o t h e r  su rv iv ing  herbaceous 
p l a n t s  were e i t h e r  r a t h e r  t a l l  ( a t  l e a s t  30 cm), caesp i to se  
b hemicryptophytes ( t h e  two sedges ,  t he  g r a s s )  o r  geophytes r e sp rou t ing  
from bu lbs  o r  f l e s h y  rhizomes ( A s t e l i a ,  T r i t o n i a ,  Hedychium and 
S p a t h o g l o t t i s ) .  ( I n  t h e  o l d e r  r a i n  f o r e s t s ,  A s t e l i a  grows normally a s  an 
3 
epiphyte . )  The herbaceous su rv ivo r s  occurred only i n  a r eas  wi th  l e s s  
t han  30 cm pumice d e p o s i t .  The shrubs  were found i n  a r e a s  wi th  up t o  
1.5 m d e p o s i t s ,  b u t  most occurred  where t h e  ash  was less than 60 cm deep. 
Among t h e  sh rubs ,  7 of t h e  11 s p e c i e s  were completely bu r i ed  i n  
y e a r  1. The b u r i e d  shrub  s p e c i e s  were 5 n a t i v e s  (Vaccinium r e t i e d a t u m ,  
Dubautia s c a b r a ,  S t y p h e l i a  tameiameia, Coprosma ernodeoides and 
Osteomeles a n t h y l l i d i f o l i a )  and two e x o t i c s  (Fuchsia  magel lanica va r .  
d i s c o l o r  and Rosa s p . ) .  The two e x o t i c  shrubs  occurred only where t h e  
a s h  b l a n k e t  was l e s s  t han  40 cm deep. Among the  o t h e r  n a t i v e  shrubs 
(Dubautia c i l i o l a t a ,  Vaccinium calycinum, Wikstroemia sandwicensis and 
Dodonaea v i s c o s a )  were completely bu r i ed  i n d i v i d u a l s  t h a t  resprouted  
a f t e r  t h e  f i r s t  examinat ion i n  yea r  1. Thus, i n  c o n t r a s t  t o  t h e  t r e e s ,  
a l l  shrub s p e c i e s  of h a b i t a t  5 were capable  of r e sp rou t ing  a f t e r  t h e i r  
, 
shoo t  systems had been b u r i e d  t o  t he  top  o r  were broken o f f  and bur ied  
by ash .  Th i s  was n o t  observed i n  t he  t r e e  f e r n  Cibotium, b u t  a l s o  i n  
a few i n d i v i d u a l s  of S a d l e r i a .  The . reason  why v e g e t a t i v e  r e sp rou t ing  
was n o t  observed from f u l l y  bu r i ed  t runks  of Cibotium is most l i k e l y .  
i ts  r a r e n e s s  i n  t h e  s tudy  a r e a  r a t h e r  than  i t s  l a c k  of c a p a b i l i t y .  
Among t h e  herbaceous s u r v i v o r s ,  nea r ly  a l l  shoo t s  of t he  geophyte 
s p e c i e s  had d isappeared  under t h e  ash.  Thei r  new shoots  sur faced  only 
i n  y e a r  2. Seve ra l  i n d i v i d u a l s  of bu r i ed  c a e s p i t o s e  hemicryptophytes 
(Deschampsia a u s t r a l i s ,  Machaerina a u g u s t i f o l i a )  a l s o  resprouted  a f t e r  
y e a r  1. 
I n  t h e  t h i n  f a l l o u t  a r e a  ( h a b i t a t  6), 14 s p e c i e s  were found t o  
% 
s u r v i v e  under t h e  10 cm t o  25 cm deep pumice b l anke t .  This  smal le r  
number of s u r v i v o r s  i n  comparison t o  t he  23 su rv iv ing  spec i e s  i n  h a b i t a t  
- 5 i s  n o t  r e l a t e d  t o  t h e  d i s tu rbance  f a c t o r ,  b u t  t o  t he  o r i g i n a l  edaphic 
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and c l i m a t i c  d i f f e r e n c e .  Here i n  h a b i t a t  6 ,  t h e  number of spec i e s  w& 
smaller t o  b e g i n  wi th .  The o r i g i n a l  s u b s t r a t e  under t h e  new pumice 
b l a n k e t  was a hard-crus ted  a sh  l a y e r  t h a t  had been depos i ted  i n  
a s s o c i a t i o n  w i t h  moi s tu re  dur ing  an  e a r l i e r  explosion.  The former 
s u r f a c e  resembled a pavement w i th  f i s s u r e s .  The t a l l e r  pe renn ia l  p l a n t s  
were more o r  less r e s t r i c t e d  t o  growing i n  t hese  f i s s u r e s ,  whi le  smal l  
annua l s ,  such a s  t h e  sedge Bu lbos ty l i s  c a p i l l a r i s ,  and l i c h e n s  grew on 
small, sha l low,  l o o s e  a e o l i a n  a sh  pockets  on t h e  pavement su r f aces .  
These l i c h e n s  and annua l s  had, of course ,  disappeared under t h e  new t h i n  
f a l l o u t  s u r f a c e ,  b u t  probably a l l  p e r e n n i a l  s p e c i e s  survived.  These 
inc luded  t h e  t r e e  Metros ideros  polymorpha, f i v e  n a t i v e  shrubs ( inc lud ing  
a new s p e c i e s  n o t  o r i g i n a l l y  found i n  any of t h e  o t h e r  h a b i t a t s ,  Rumex 
p i g a n t e u s ) ,  f i v e  f e r n  s p e c i e s ,  two sedges and one fo rb  ( see  TABLE 5) .  I n  
a d d i t i o n  t o  t h e  o r i g i n a l  edaphic p e c u l i a r i t y ,  t h e  f l o r i s t i c  d i f f e r e n c e  of 
h a b i t a t  6 i n  comparison t o  h a b i t a t  5 i s  r e l a t e d  t o  t he  lower annual r a i n f a l l ,  
l o n g e r  d ry  season ,  decreased  cloud cover  and increased  frequency of 
d ry ing  winds c h a r a c t e r i s t i c  of t h e  upper Kau Deser t  ( h a b i t a t  6 ) .  
The s u r v i v i n g  s p e c i e s  were remarkable f o r  t h e i r  capac i ty  t o  
reproduce v e g e t a t i v e l y .  However, s e v e r a l  of t h e  su rv iv ing  
a l s o  showed i n c r e a s e d  sexua l  reproduct ion .  The success  of 
i n c r e a s e d  f lower ing ,  f r u i t i n g  and spo re  formation a c t i v i t y  
woody s p e c i e s  
t h e i r  
i s  r e f l e c t e d  
i n  t h e  s e e d l i n g  frequency recorded i n  TABLE 6. These woody p l a n t  
s e e d l i n g s  became e s t a b l i s h e d  i n  most ca ses  nea r  su rv iv ing  ind iv idua l s  s o  
t h a t  a contagious  p a t t e r n  developed. Vaccinium re t i cu l a tum and 
S t y p h e l i a  tameiameia s u r v i v o r s  produced abundant b e r r i e s  only i n  h a b i t a t  
6. This  i s  r e f l e c t e d  i n  t h e  s e e d l i n g  presence i n  t h i s  h a b i t a t .  Abundant 3 
TABLE 6. Seedl ings  of s u r v i v i n g  woody s p e c i e s  i n  h a b i t a t s  5 and 6 (% frequency)  
Year a f t e r  1 2 3 4 7 9 
Species  e r u p t i o n  1960 1961 1962 1963 1966 1968 
HABITAT 5 (32 p l o t s )  
Metrosideros polymorpha 
Dubautia c i l i o l a t a  
Dodonaea v i s c o s a  
S a d l e r i a  cya theoides  
Wikstroemia sandwicensis  
HABITAT 6 (5 p l o t s )  
Metrosideros polymorpha 
Dubautia c i l i o l a t a  
Dodonaea v i s c o s a  
S a d l e r i a  cya theoides  
S typhe l i a  tameiameia 
Vaccinium r e t i c u l a t u m  
Rumex g iganteus  
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f lower ing  occurred  on n e a r l y  a l l  recovered Metrosideros i n d i v i d u a l s  i n  
h a b i t a t s  5 and 6 i n  y e a r  1. The outcome was t h e  s u c c e s s f u l  es tab l i shment  
of Metros ideros  s e e d l i n g s  i n  bo th  h a b i t a t s  two t o  f o u r  yea r s  a f t e r  t he  
e r u p t i o n  (TABLE 5). 
P l a n t  cover  development 
The cover  of  t h e  newly invaded p l a n t  s p e c i e s  i n  h a b i t a t s  1 and 2 
w a s  s t i l l  under one pe rcen t  i n  y e a r  9 fol lowing t h e  e rupt ion .  I n  
c o n t r a s t ,  t h e  p l a n t  cover  of some new invaders  and of t h e  su rv iv ing  
s p e c i e s  became s i g n i f i c a n t  i n  h a b i t a t s  3 ,  4 ,  5 and 6 dur ing  t h e  
obse rva t ion  pe r iod .  The development of t h e  new p l a n t  cover i n  t hese  
h a b i t a t s  is  shown by l i f e  form s p e c t r a  chronologies  and photographs. 
L i f e  form s p e c t r a  a r e  l is ts  o r  diagrams t h a t  show the  l i f e  form 
composition of an a r e a  (El lenberg  1956). I n  t h i s  case  the  diagrams show 
t h e  l i f e  form composition of each h a b i t a t  a long  t h e  a b s c i s s a ,  whi le  t h e  
h e i g h t  of each  b a r  shows t h e  percent  cover f o r  each l i f e  form from y e a r  
1 t o  9 ( s ee  FIG. 8 ,  p. 122) .  The percent  cover  was obta ined  from the  
Braun-Blanquet cover-abundance e s t ima te s  g iven  f o r  each s p e c i e s  i n  each 
p l o t .  The mean cover  va lue  w a s  f i r s t  c a l c u l a t e d  f o r  each s p e c i e s .  
T h e r e a f t e r ,  t h e s e  va lues  were added f o r  t h e  s p e c i e s  belonging t o  each 
l i f e  form group. 
C l a s s i f i c a t i o n  of each s p e c i e s  i n t o  more d e t a i l e d  l i f e  form groups 
appeared u s e f u l  f o r  s e v e r a l  reasons.  It  was a means of i d e n t i f y i n g  t h e  
developing synus i ae ,  which a r e  def ined  a s  groups of spec i e s  of s i m i l a r  
l i f e  form growing toge the r  i n  t h e  same h a b i t a t  (El lenberg 1956).  These 
& s p e c i e s ,  because of s i m i l a r  morphological c h a r a c t e r i s t i c s ,  a r e  a l s o  most 
l i k e l y  t h e  c l o s e s t  compet i tors  f o r  the  same n iche  (Mueller-Dombois and 
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The s u b d i v i s i o n s  w i t h i n  t h e s e  seven major l i f e  form groups r e f e r  t o  
more d e t a i l e d  morphological  c h a r a c t e r i s t i c s  of t h e  p l a n t s  t h a t  sugges t  
t h e i r  s t r u c t u r a l  a d a p t a t i o n  t o  cope wi th  t h e  new vo lcan ic  environments. 
These symbols a r e  de f ined  i n  APPENDIX 7. 
H a b i t a t  3.--FIG. 8 shows t h a t  phanerophytes covered a cons iderable  
p a r t  of t h e  s u r f a c e  a r e a .  These were p r imar i ly  t he  invading daphnous, 
i.e. so f t - l eaved ,  evergreen  smal l  t r e e s  o r  shrubs  (dPN) of Buddleja 
-
a s i a t i c a ,  Rubus r o s a e f o l i u s ,  Rubus p e n e t r a n s  and Pluchea odorata .  A l l  
f o u r  s p e c i e s  a r e  e x o t i c s  a s  is  ind ica t ed  by cross-hatching on FIG. 8.  
The s m a l l  cover  of a n a t i v e  shrub i n  t h e  dPN group which appeared i n  
-
y e a r  4 is from P i p t u r u s  a lb idus .  FIG. 8 a l s o  shows t h a t  t he  e x o t i c  
shrubs  covered more than  80% i n  t h e  25 cm t o  200 cm he igh t  s t r a tum i n  
y e a r  7 ,  b u t  t h e i r  combined cover  dec l ined  t o  about 60% i n  year  9 ,  whi le  
t h e  n a t i v e  shrub (P ip tu rus )  maintained i t s  pos i t i on .  Another w e l l  
r ep re sen ted  l i f e  form group i n  h a b i t a t  3 were t h e  caesp i to se  herbaceous 
chamae-hemicryptophytes (Ch(H) caesp) .  These a r e  p r imar i ly  t he  e x o t i c  
bunch g r a s s e s  and sedges  (APPENDIX 3 ) .  It can be seen t h a t  t h e i r  
combined cover  i nc reased  suddenly i n  year  3 t o  s l i g h t l y  over 30%. Thei r  
cover  remained n e a r  30% wi th  some o s c i l l a t i o n  over t h e  n ine  year  per iod.  
Among t h e  geophytes ,  t h e  n a t i v e  f e r n  Mephrolepis e x a l t a t a  ( c l a s s i f i e d  a s  
rhizomatous geophyte = G r h i z )  assumed a cover of between 5 t o  10% i n  
t h i s  h a b i t a t .  Another important  group i n  year  4 were t h e  therophytes ,  
r ep re sen ted  by t h e  composite weeds E r e c h t i t e s  v a l e r i a n a e f o l i a  and 
Sonchus o l e r a c e u s  (T scap ) .  The c a e s p i t o s e  £orbs,  Physa l i s  peruviana 
and Geranium caro l in ianum (T caesp)  became morerimportant i n  year  9.  
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(Symbols e x p l a i n e d  i n  APPEhiIX 7 )  
The g e n e r a l  development of t h e  new woody p l a n t  cover i n  h a b i t a t  3 
is documented on t h e  f o u r  photographs (FIG. 9.1,  9 .2,  '9.3 and 9 .4) .  The 
photographs r e p r e s e n t  the  change on t h e  same h a b i t a t  segment a t  t he  
board-walk looking  west  towards t h e  undisturbed r a i n  f o r e s t  ( i n  t he  
background).  FIG. 9 . 1  shows t h e  d i s t u r b e d  f o r e s t  i n  year  1 (1960) wi th  
o n l y  Metros ideros  t r e e  snags s t and ing  and few t r e e  f e r n s  (mostly S a d l e r i a  
. . 
cya theo ides )  a t  t h e  o u t e r  limits of t h e  s p a t t e r  l aye r .  The shrub Rubus 
r o s a e f o l i u s  i s  beginning t o  invade frofn the  l e s s  d i s tu rbed  f o r e s t  edge. 
FIG. 9.2 shows t h e  same p l ace  i n  year  3 (1962). Rubus r o s a e f o l i u s  and 
Rubus pene t r ans  cover almost h a l f  of t h e  a rea .  Grasses (Paspalum 
d i l a t a t u m ,  S e t a r i a  g e n i c u l a t a )  f i l l  much of t he  mat r ix  between t h e  shrubs  
and are h idden  from t h e  view. FIG. 9 . 3  shows the  same p l ace  i n  year  4 
(1963),  t h e  nanophanerophytes ( shrubs)  cover now more than  50% of t he  
s u r f a c e .  I n  a d d i t i o n  t o  t h e  two Rubus ' spec i e s ,  Buddleja a s i a t i c a  i s  
becoming impor tan t .  FIG. 9.4 shows t h e  same place i n  year  9 (1968). The 
a r e a  is  now dominated by Buddleja a s i a t i c a ,  bu t  a number of individu.als  
have l o s t  t h e i r  l e a v e s  and a r e  dying. The peak development of Buddleja 
was two y e a r s  e a r l i e r ,  i n  yea r  7 ,  Now, i n  year  9 a few i n d i v i d u a l s  of 
Metros ideros  ( l e f t - f r o n t  under t h e  wh i t e  arrow) and a few re sp rou t s  from 
snag-bases show up ( l e f t  on ~ h o t o ) .  
H a b i t a t  4.--FIG. 10 shows t h a t  t h e  p l a n t  cover remained r a t h e r  low 
throughout  t h e  nine-year obse rva t ion  period.  Two l i f e  form groups 
a t t a i n e d  more than  5% cover ,  t h e  sof t - leaved  evergreen smal l  t r e e  and 
shrub group (dPN) - with  Buddleja a s i a t i c a  and Rubus r o s a e f o l i u s  and t h e  
s c l e r o p h y l l o u s  woody chamaephyte group (sCH f r u t )  wi th  Dubautia scabra .  
Also of some s i g n i f i c a n c e  i n  cover were the rhizome geophyte (G r h i z )  
FIG. 9.1. Segment of h a b i t a t  3 photographed i n  y e a r  1 (1960) 
a f t e r  t h e  s p a t t e r  depos i t ion .  r 
FIG. 9.2. The same h a b i t a t  segment photographed i n  yea r  3 (1962). 
'3 F I G .  9.3.  The same habitat segment. (as s'hown on FIG. 9 .1  
and 9.2) photographed i n  year 4 (1963). 
Jr7 .-. FIG. 9.4. The same habitat segment photographed i n  year 9 (1968). 
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Nephrolep is  e x a l t a t a  and t h e  chamaephytic l i c h e n  (L&) Stereocaulon 
v o l c a n i .  Both l i f e  forms a t t a i n e d  about  3% cover each. 
H a b i t a t  5.--FIG. 11 shows t h a t  t h e  g r e a t e s t  cover was produced by 
t h e  phanerogamic l i f e  forms. The - sPM column i n d i c a t e s  t he  recovery of 
t h e  s u r v i v i n g  sc l e rophy l lous  Metrosideros t r e e s .  The t r e e s  over  2 m i n  
h e i g h t  covered about 50% of t he  h a b i t a t  s u r f a c e  i n  year 7. The i r  cover 
d i d  n o t  i n c r e a s e  t o  y e a r  9 .  The sPN group contained s e v e r a l  s u r v i v i n g  
n a t i v e  s h r u b s ,  such a s  Dubautia s c a b r a ,  2. c i l i o l a t a ,  Vaccinium 
re t i cu l a tu rn ,  Wikstroemia sandwicensis  and Styphel ia  tameiameiae. 
Together  w i t h  t h e  sma l l  Met ros ideros  t r e e s  (between 25 cm t o  200 c m  
h e i g h t )  they  covered about  13% of t he  h a b i t a t  i n  year  9. The - dPN cross-  
ha tched  column shows the  cover of t h e  invaded Rubus r o s a e f o l i u s  and &. 
p e n e t r a n s  s h r u b s ,  which inc reased  from about 20% i n  year  4 t o  30% i n  
y e a r  7. T h e r e a f t e r ,  t h e i r  cover  d i d  n o t  i nc rease  much. Severa l  n a t i v e  
s u r v i v o r s  i n  t h e  9 category  inc reased  i n  combined cover up t o  3% 
(Wikstroemia sandwicens is ,  Dodonaea v i s c o s a  and Vaccinium calycinum]. 
The dPN scand form r e f e r s  t o  t ree-cl imbing ind iv idua l s  of Rubus pene t r ans .  
The non-phanerogamic l i f e  forms were much l e s s  important i n  h a b i t a t  
5. The geophytes (G r h i z )  covered a l i t t l e  under 10% of t h e  su r f ace .  
This  group inc luded  t h e  s u r v i v i n g  A s t e l i a  menziesiana, * T r i t o n i a  
crocosrnaefol ia ,  "Hedychium coronarium and the  f e r n  *Xephrolepis 
h i r s u t u l a .  It  a l s o  inc luded  the  n a t i v e  f e r n s  Nephrolepis e x a l t a t a ,  
Polypodium pellucidurn and Pter id ium decompositum. The l i chens  
S tereocaulon  vo lcan i  and Cladonia s k o t t s b e r g i i  (E) a t t a i n e d  toge the r  
a l i t t l e  over  5% cover  i n  year  9 .  The chamaephytes were f o u r t h  i n  rank 
9 
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of cover-importance w i t h  two groups a t t a i n i n g  almost 5% cover each i n  
y e a r  9 .  These were t h e  sc l e rophy l lous  low shrubs (sCh f r u t )  which 
inc luded  Coprosma ernodeoides and most of t h e  low growing (up t o  25 cm 
h igh )  specimens of t h e  s p e c i e s  mentioned a s  the  sc l e rophy l lous  
nanophanerophyte (= e) group i n  h a b i t a t  5. The sof t - leaved  woody 
chamaephytes (dCh f r u t )  included Osteomeles a n t h y l l i d i f o l i a  and low 
growing i n d i v i d u a l s  of *Rubus r o s a e f o l i u s ,  *Rubus pene t r ans ,  Wikstroemia 
sandwicens is  and Dodonaea v i scosa .  
The recovery of t h e  su rv iv ing  Metrosideros t r e e s  i n  a  1 .5  m deep 
a sh  d e p o s i t  i n  h a b i t a t  5  i s  documented by a  sequence of fou r  photographs 
(FIG. 12.1,  12.2, 12.3,  12.4) .  FIG. 12.1 shows the  t r e e s  i n  year  1 
(1960). Nearly a l l  f o l i a g e  was s l a shed  o f f ,  bu t  bark remnants and s h o r t  
branch-stubs were l e f t  a long  t h e  t runks .  FIG. 12.2 shows t h e  same 
stand-segment i n  y e a r  2  (1961). A profus ion  of new leaves  had developed 
a l l  around t h e  t runks  from top t o  base  from adven t i t i ous  buds formed 
from t h e  s u r v i v i n g  t i s s u e  (&.g. bark  on b ranch le t s  and main s tems) .  
FIG. 12 .3  was photographed i n  year  4 (1963). The c y l i n d r i c a l  crowns 
covered s t i l l  l e s s  than 30%. Seve ra l  sma l l e r  t r e e s  did no t  recover .  
FIG. 12.4 shows t h e  same s tand  segment i n  year  7 (1966). The crowns had 
expended r a d i a l l y  t o  about 50% cover.  But hard ly  any s i g n i f i c a n t  new 
p l a n t  i n v a s i o n  had occurred on the  s u r f a c e  between the  t r e e s .  
FIG. 13 .1  shows a  c ros s - sec t ion  of a  Metrosideros t r e e ,  which s tood  
n e a r  t h e  a r e a  photographed on FIG. 12. The cross-sec t ion  was made i n  
y e a r  7 (1966). It e x h i b i t s  a  spontaneous r a d i a l  i nc rease  i n  diameter  
from the  time of t h e  vo lcan ic  explos ion .  The l a t t e r  i s  ind ica t ed  by the 
0 - b l a s t  i n j u r y .  FIG. 13.2 i s  a photograph of a  s i m i l a r l y  s i z e d ,  un in jured  
t r e e  t h a t  grew i n  t h e  ad j acen t  f o r e s t .  The comparison demonstrates t h a t  
3 FIG. 12.1. Segment of habitat 5 i n  area-of 1 .5  m deep pumice deposit photographed i n  year 1 (1960) after the ash fa l lout .  
0 
FIG. 12.2. The same habitat segment photographed i n  year 2 (1961). 
FIG. 12.3.  The same habi ta t  segmentS(as shown on FIG. 12.1  
and 12.2) photographed i n  year 4 (1963). 
FIG. 12.4. The same habi ta t  segment photographed i n  year 7 (1966). 
FIG. 
FIG 
13.1. Cross-section of Metrosideros stem from surviving 
stand photographed on FIG. 12, habitat 5. 
- 
13.2. Cross-section of Metrosideros stem of uninjured 
tree i n  forest adjacent to habitat 5 .  
t h e  sudden i n c r e a s e  i n  r a d i a l  increment of t he  i n j u r e d  t r e e  was c o r r e l a t e d  
S w i t h  t h e  v o l c a n i c  d i s t u r b a n c e .  The reason f o r  t h e  sudden s p u r t  i n  
d i ame te r  growth is  probably r e l a t e d  t o  t he  sudden inc rease  i n  l e a f - a r e a  
from top  t o  base  and t h e  f u l l  exposure of t h e  new crowns t o  l i g h t .  
F I G .  14 .1  and 14.2 i l l u s t r a t e  a s e c t i o n  i n  h a b i t a t  5, where t h e  
pumice b l a n k e t  was only 20 cm t o  30 cm deep. Here, even a few l eaves  
remained on t h e  trees a f t e r  t h e  f a l l o u t  i n  year  1 (FIG. 14 .1) .  Also t h e  
crowns r e t a i n e d  a g r e a t e r  number of f i n e  branches. The r e s u l t  was a 
more uneven, b u t  a l s o  t h i c k  r e f o l i a t i o n .  FIG. 14.2 shows t h e  s i t u a t i o n  
i n  y e a r  3 (1962). Here t h e  t r e e s  d i d  n o t  assume the t i g h t  c y l i n d r i c a l  
crown shape  a s  shown on FIG. 12. Also many d e f o l i a t e d  shrubs were seen  
under  t h e  t r e e s  i n  y e a r  1 on FIG. 14.1. These recovered among the  t r e e s  
(sPN group on FIG. 11 ) .  But a l s o  many e x o t i c  Rubus r o s a e f o l i u s  and R. 
-
p e n e t r a n s  sh rubs  invaded i n  t h i s  g e n e r a l  a r e a  (dPN group on FIG. 11 ) .  
-
v Also some g r a s s e s  recovered and invaded the  a r e a  a s  seen i n  t h e  fo re -  
ground on FIG. 14.2. The b a r r e n  a r e a  is a t r a i l  t h a t  was bu r i ed  under 
, 
ash.  
FIG. 1 5  shows a s e c t i o n  i n  h a b i t a t  5 ,  where t h e  Metrosideros t r e e s  
developed abundant a e r i a l  r o o t s  t h t  grew l i k e  t h i c k  reddish  "brooms. " 
Such a e r i a l  r o o t s  appeared on many of t h e  more vigorous t r e e s  s t and ing  
i n  50 cm a n d ~ d e e p e r  pumice d e p o s i t s .  The i r  func t ion  is  probably i n  
ba l anc ing  o r  r e p l a c i n g  t h e  r e s p i r a t i o n  of t h e  buried roo t  system. But 
t h i s  has  n o t  y e t  been s t u d i e d .  Seve ra l  lower growing r o o t s  made con tac t  
and grew i n t o  t h e  s o i l ,  b u t  ground-contact was not  very common. 
H a b i t a t  6.--FIG. 16 shows t h a t  no l i f e  form group covered much more 
than  10% i n  y e a r  7 and 9.  The f o u r  most important ,  and about equa l ly  
FIG. 14.1 .  Segment o f  habi ta t  5 i n  are& of shallow (20 cm t o  30 cm 
deep) pumice depos i t  photographed i n  year 1 (1960). 
PIG. 14.2 .  The same habi ta t  segment photographed i n  year 3 (1962). 
FIG. 15. Aerial roots on Metrosideros trees  that survived ash burial 
of 50 cm to 100 cm depth. Photograph taken i n  year 7 (1966) .  
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FIG. 16. L i f e  form s p e c t r a  chronology - h a b i t a t  No. 6. 
(Symbols explained i n  APPENDIX 7) 
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abundant  l i f e  form groups were t h e  sc l e rophy l lous  nanopheanrophytes 
(sPN), - t h e  s c l e r o p h y l l o u s  woody chamaephytes (sCH f r u t ) ,  t he  c a e s p i t o s e  
chamae-hemicryptophytes ( C h ( H )  caesp)  and rhizome-geophytes (G r h i z ) .  
The s p e c i e s  i n  t h e  sPN group were the  surv iv ing  Net ros ideros  
polymorpha, Dubautia c i l i o l a t a ,  S typhe l i a  tameiameia and Vaccinium 
r e t i c u l a t u m .  Those i n  t he  sCh f r u t  group were mostly the  same s p e c i e s  of 
lower ( l e s s  than  25 cm) s t a t u r e .  The Ch(H) caesp group included p r i m a r i l y  
sedges  (Machaerina a u g u s t i f o l i a ,  Gahnia gahniaeformis,  *Cyperus 
po lys t achyos )  and g r a s s e s  ("Andropogon v i r g i n i c u s ,  Agros t i s  avenacea) .  
The G r h i z  group i n c l u d e s  most ly f e r n s  such a s  Sphenomeris chusana, 
Polypodium pel lucidum, *Nephrolepis h i r s u t u l a ,  *Pityrogramma calomelanus 
and P t e r i s  c r e t i c a .  
FIG. 1 7 . 1  shows a s e c t i o n  of h a b i t a t  6 i n  year  1 (1960) a f t e r  t he  
a s h  f a l l o u t .  Here t h e  pumice b l a n k e t  was only  10 cm t o  20 cm deep. 
The damage of t h e  woody p l a n t s  was manifested p r imar i ly  i n  sheared-off 
s h o o t  sys tems,  wh i l e  remnant crowns survived.  Several  such remnant 
crowns a r e  s e e n  on t h e  photograph (FIG. 17.1) . FIG. 17.2 shows the  same 
s e c t i o n  i n  y e a r  3 (1962).  The recovery of sc le rophyl lous  n a t i v e  shrubs  
(sPN -and sCh f r u t  on FIG. 16)  was remarkable.  The bush i n  the  foreground 
on  FIG. 17.2 i s  Dubautia  c i l i o l a t a .  The t a l l e r  i n d i v i d u a l s  i n  t he  
background a r e  shrubby Metros ideros  t r e e s  of about 2 m t o  3 m h e i g h t .  
FIG. 1 8 . 1  shows a n  excavated main branch of an  ash-buried Vaccinium 
r e t i c u l a t u m  shrub t h a t  was n o t  broken o f f  t h e  r o o t .  Severa l  new branches 
sp rou ted  a t  t h e  new s u r f a c e  l i n e  from t h e  main branch,  whi le  t he  branch 
i t s e l f  developed a few l a t e r a l  r o o t s .  A s i m i l a r  r e sp rou t ing  occurred 
a t  t h e  new s u r f a c e  l i n e  on t h e  main stem of the  Metrosideros shrub shown 
FIG. 17.1. Segment of habitat 6 photographed in year 1 (1960). 
Here the pumice blanket was only 10 cm to 20 cm deep. 
FIG. 17.2. The same habitat segment photographed in year 3 (1963). 
PIG. 18.1. Excavated stem of recovered Vaccinium reticulaturn shrub 
that was buried under 25 c ~ d e e p  ash i n  habitat 6 .  
Photograph taken i n  year 4 (1963) a f t er  the ash fa l l ou t .  
PIG. 18.2. Excavated stem of small Metrosideros polymorpha tree 
, buried under 25 cm deep ash i n  habitat 6 ,  photographed 
i n  year 4 (1963). 
on FIG. 18.2. Also,  s e v e r a l  l a t e r a l  r o o t s  developed from the  bu r i ed  
main s tem i n  t h e  new ash  l a y e r .  These excavat ions show t h e  development 
i n  y e a r  4 (1963) a f t e r  t h e  d i s tu rbance .  
ENVIRONMENTAL COND IT I ON S 
The c l i m a t i c  g rad ien t  
The c l i m a t i c  g r a d i e n t  over  t h e  s tudy  a rea  from Kilauea I k i  ( h a b i t a t  
1) t o  t h e  upper Kau Dese r t  ( h a b i t a t  6 )  along t r a n s e c t  AA' (FIG. 2 and 3)  
w a s  a l r e a d y  b r i e f l y  desc r ibed  i n  t h e  in t roduc to ry  p a r t  under c l imate  
(p. 6 4 ) .  I n i t i a l l y ,  t h e  e x i s t e n c e  of t h i s  g rad ien t  was only assumed 
from t h e  long-term c l i m a t i c  r eco rds  of nearby s t a t i o n s  a t  Hawaii Park 
Headquarters  and Halemaumau, r e s p e c t i v e l y .  It  thus seemed important  t o  
test t h e  r e a l i t y  of  t h i s  g r a d i e n t  and t o  f i n d  out  how much of t h e  
evolv ing  p l a n t  i nvas ion  and recovery p a t t e r n s  can be expla ined  by the 
c l i m a t i c  g rad ien t .  
Temperature and r e l a t i v e  humidity.--A comparison between h a b i t a t  1 
(Kilauea I k i  l a v a  f l o o r )  and h a b i t a t  6  (upper Kau Dese r t ,  a t  end of 
t r a n s e c t  AA' ,  FIG. 2) is shown on FIG. 19. The r eco rds  a r e  from 
hygrothermograph c h a r t s  f o r  two obse rva t ion  yea r s  (1967 and 1968).  
Abs t rac ted  from t h e s e  c h a r t s  were t h e  mean number of hours  pe r  day f o r  
each  month of t h e  y e a r  du r ing  which the  a i r  temperature exceeded 20°C. 
S i m i l a r l y ,  t h e  mean number of hours  per  month were counted dur ing  which 
t h e  a i r  temperature was below 15OC. The two curves a r e  shown f o r  each 
b 
h a b i t a t  on t h e  l e f t  s i d e  of FIG. 19. Each curve r e p r e s e n t s  t he  mean 
t r e n d  f o r  t h e  two obse rva t ion  years .  I t  can be  seen t h a t  t h e  time of a  
0 
moderately warm growth c l ima te ,  def ined a s  between 15°C and 20°C a i r  
TEMPERATURE RELATIVE HUMIDITY 
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FIG. 19. Comparison of temperature and r e l a t i v e  humidity 
f o r  h a b i t a t s  1 and 6 .  
t empera ture  was of l onge r  d u r a t i o n  (by about  1 1 / 2  months) i n  h a b i t a t  1 
than  i n  h a b i t a t  6. The comparison a l s o  shows t h a t  t he  number of coo l  
hour s  under 15°C were about  twice a s  many from November through May i n  
t h e  Kau Deser t  h a b i t a t  t han  on t h e  Kilauea I k i  c r a t e r  f l o o r .  Thus, i n  
terms of  a i r  t empera ture ,  h a b i t a t  1 w a s  more moderate than  h a b i t a t  6. 
The r e l a t i v e  humidi ty r eco rd  was s f m i l a r l y  a b s t r a c t e d  from the  c h a r t s  
f o r  t h e  mean hour s  p e r  day i n  each month t h a t  showed r e l a t i v e  humidi t ies  
ove r  95% and under 65%, r e s p e c t i v e l y .  The r i g h t  s i d e  of FIG. 19 shows 
t h a t  t he  number of a tmosphe r i ca l ly  humid hours (over 95% r e l a t i v e  
humidi ty)  was g r e a t e r  f o r  almost every month of the  y e a r  f o r  h a b i t a t  1 
than  f o r  h a b i t a t  6. Also,  t h e r e  were more t o t a l  hours through t h e  year  
w i t h  r e l a t i v e  humid i t i e s  under 65% i n  h a b i t a t  6. Thus, a s  expected,  t h e  
d a t a  show t h a t  t h e  Kau Deser t  h a b i t a t  ( 6 )  was c o n s i s t e n t l y  d r i e r  than t h e  
r a i n  f o r e s t  h a b i t a t  (1)  of Kilauea I k i .  
Des i cca t ing  power, i n s o l a t i o n  and rainfall .--FIG. 20 shows the  
r e l a t i v e  dry ing  power of t h e  atmosphere f o r  h a b i t a t s  1, 4 ,  5  and 6 i n  
r e l a t i o n  t o  t h e  monthly r a i n f a l l  f o r  a  per iod  of n ine  months, from May 
1968 through January  1969. The r e l a t i v e  d e s i c c a t i n g  power i s  expressed 
i n  terms of mean d a i l y  water  l o s s  per  week from Liv ings ton  wh i t e  and 
b l a c k  bu lb  atmometers. General comparison of t h e  f o u r  diagrams shows 
t h a t  t h e  d e s i c c a t i n g  power i n  h a b i t a t s  1 and 4 was q u i t e  s i m i l a r ;  i n  
h a b i t a t  5 i t  was lowes t ,  and i n  h a b i t a t  6 i t  was g r e a t e s t .  The same i s  
shown by the  nine-months d a i l y  mean va lues  (M) s t a t e d  f o r  the  white  bulb 
r ead ings  on each diagram. The low readings  i n  h a b i t a t  5 r e l a t e  t o  the  
wind p r o t e c t i o n  a f forded  by t h e  recovered t r e e s .  The atmoneters  were 
a l l  a t  30 h e i g h t  above t h e  ground i n  open p l a c e s ,  where they measured 

t h e  atmospheric  environment of low growing p l a n t s .  The f r e q u e n t l y  
g r e a t e r  range  between w h i t e  and b l a c k  bulb va lues  i n  h a b i t a t  6 a s  
compared t o  4 ( o r  t h e  o t h e r  h a b i t a t s )  i n d i c a t e s  a l s o  t h e  g r e a t e s t  
ave rage  i n s o l a t i o n  and t h u s  l i g h t  i n t e n s i t y  f d r  h a b i t a t  6 .  Therefore ,  
t h e  c l i m a t i c  g r a d i e n t  shows on ly  a smal l  d i f f e r e n c e  i n  terms of 
d e s i c c a t i n g  power a long  t h e  f i r s t  k i lometer  from h a b i t a t  1 t o  4.  Both 
h a b i t a t s  a r e  i n  t h e  t e r r a i n  of t h e  o r i g i n a l  r a i n  f o r e s t  (FIG. 2). 
However, t h e r e  was a d i s t i n c t ' d e c r e a s e  i n  r a i n f a l l  a s  can b e  seen  by 
comparing t h e  e q u i v a l e n t  monthly r a i n f a l l  amounts of h a b i t a t  1 wi th  
t h o s e  of h a b i t a t  4. 
FIG. 21 i n d i c a t e s  t h e  r e l a t i o n s h i p  between mean d a i l y  water  l o s s  
p e r  week (cc)  and r a i n f a l l  p e r  week (mm) f o r  the  four  h a b i t a t s .  The 
cu rves  show t h a t  i f ,  f o r  example, t h e  weekly r a i n f a l l  is  125 mm, the  d a i l y  
w h i t e  bu lb  evapora t ion  i n  h a b i t a t  6 can b e  expected t o  b e  16 c c ,  i n  
h a b i t a t  1, i t  can  b e  expected t o  be about 7 c c  and i n  h a b i t a t s  4 and 5 ,  
t o  b e  3.5 cc.  Th i s  reemphasizes t h a t  t he  atmospheric dry ing  power of 
h a b i t a t  6 was g r e a t e s t ,  b u t  i t  a l s o  shows t h a t  the  evapora t ing  power i n  
h a b i t a t  1 was somewhat g r e a t e r  than  i n  h a b i t a t  4 .  This  was no t  r e l a t e d  
t o  a g r e a t e r  d i r e c t  i n s o l a t i o n  o r  g r e a t e r  wind i n t e n s i t y ,  b u t  probably 
was a n  e f f e c t  of t h e  g r e a t e r  s u b s t r a t e  h e a t  r a d i a t i o n  on t h e  c r a t e r  
f l o o r  ( s e e  under s u b s t r a t e  tempera ture ,  p.  147) .  
Mean r a i n f a l l  and dry  periods.--FIG. 2 2  shows a c l ima te  diagram 
each f o r  h a b i t a t  1 and h a b i t a t  6 prepared a f t e r  the method of Walter 
(1957).  These p r e s e n t  t h e  mean monthly r a i n f a l l  and mean monthly 
tempera ture  f o r  1967 and 1968. The r a i n f a l l  curve i s  p l o t t e d  with 
r e f e r e n c e  t o  t h e  r ight-hand o r d i n a t e  on each diagram and the  temperature 
FIG. 
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21. Rela t ionsh ips  between evapora t ion  r a t e  of wh i t e  bulb 
atmometers (mean d a i l y  water  l o s s  i n  cclweek) and 
monthly r a i n f a l l  (rum) i n  h a b i t a t s  1, 4 ,  5 and 6. 
Data from May 1968 through January 1969. 
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FIG. 22. C l i m a t e  diagrams f o r  h a b i t a t s  1 and 6. Mean monthly 
a i r  t empera tures  (OC) and p r e c i p i t a t i o n  ( P p t  mm) f o r  
two (2)  y e a r s  (1967 and 1968). Mean annual  r a i n f a l l  
s t a t e d  under Ppt  mm. 
cu rve  w i t h  r e f e r e n c e  t o  t h e  le f t -hand  o rd ina t e .  The 12  months of t he  
y e a r ,  from January  t o  J anua ry ,  a r e  i nd ica t ed  by the  dashes on the  
a b s c i s s a ,  w i t h  J u l y  i n d i c a t e d  by t h e  c e n t r a l  dash. The temperature 
cu rves  show l i t t l e  d i f f e r e n c e  on t h i s  b a s i s ,  b u t  t he  r a i n f a l l  curves  
do. I f  a d r y  pe r iod  i s  de f ined  a s  a monthly r a i n f a l l  of l e s s  than  100 
mm, t hen  h a b i t a t  6 showed two d ry  p e r i o d s ,  one i n  June and one i n  
September. The September d ryness  was p a r t i c u l a r l y  i n t ense .  However, t he  
annua l  mean r a i n f a l l  s t a t e d  a s  2203 mm f o r  h a b i t a t  6  is  a s  h igh  a s  
recorded  f o r  some t r o p i c a l  r a i n  f o r e s t  a r e a s  (Walter and L i e t h  1962).  
The re fo re ,  t h e  upper Kau Dese r t  i s  c e r t a i n l y  n o t  a  c l i m a t i c  d e s e r t .  The 
mean annua l  r a i n f a l l  v a l u e s  on FIG. 22 i n d i c a t e  a  r a i n f a l l  g r a d i e n t  of 
more than  1000 mm over  t h e  s tudy  a r e a .  
S u b s t r a t e  d i f f e r e n c e s  
The g r o s s  s u b s t r a t e  d i f f e r e n c e s  have a l r eady  been emphasized under 
t h e  s e c t i o n  d e s c r i b i n g  t h e  new v o l c a n i c  h a b i t a t s  (p. 67 t o  75). They 
are summarized b r i e f l y  on t h e  h a b i t a t  map (FIG. 2)  and the  p r o f i l e  
diagrams (FIG. 3 and 4) i n  t h a t  s e c t i o n .  
A d d i t i o n a l l y ,  a  few a n a l y s e s  of s u b s t r a t e  temperature,  mo i s tu re ,  
chemical  and mine ra log ica l  p r o p e r t i e s  were made. 
S u b s t r a t e  tempera ture . - -Subs t ra te  temperatures  of h a b i t a t s  1 and 2  
have changed cons iderably  ove r  t h e  s tudy  per iod .  Af t e r  t h e  e r u p t i o n  
s topped ,  t h e  t h i n  c r u s t  of t h e  c r a t e r  f l o o r  i n  h a b i t a t  1 was very  ho t .  
The f l o o r  steamed h e a v i l y  d u r i n g  and a f t e r  a  r a i n f a l l .  Nine yea r s  l a t e r  
most of t h e  s teaming was concen t r a t ed  toward the  c e n t e r  of t h e  l a k e ,  b u t  
9 a few a r e a s  of s teaming c racks  r a d i a t e d  toward the  edge of t h e  c r a t e r .  
In  March 1960, two h o l e s  w e r e  d r i l l e d  i n t o  t h e  c r u s t  over  t h e  deepes t  
p o r t i o n  of t h e  l a k e  (115 m) t o  g a i n  informat ion  on t h e  r a t e  of coo l ing  
(Ault  -- e t  a l .  1961).  A t  t h i s  t i m e  t h e  l a k e  c r u s t  was about  4 m t h i c k  and 
t h e  m e l t  benea th  w a s  over  1000°C. Th i s  mel t  temperature compared wi th  
t h a t  of 1060-1190°C measured i n  t h e  l a v a  foun ta in  dur ing  the  e rup t ion .  
Continued d r i l l i n g s  and tempera ture  measurements have been made over  
s e v e r a l  y e a r s ,  and,  by 1968,  t h e  c r u s t  was about 30 m t h i c k  and t h e  mel t  
benea th  was 1065-1090°C (FIG. 3 ) .  
Gene ra l ly ,  t h e r e  h a s  been  a cont inued c r u s t a l  temperature decrease  
toward t h e  c e n t e r  of t h e  l a k e .  Sur face  temperature measurements made 
i n  September 1968 a t  t h e  warmest per iod  of t h e  day, and a c r o s s  t he  l a k e  
toward t h e  c e n t e r  (from e a s t  t o  w e s t ) ,  gave t h e  fo l lowing  r e s u l t s :  a t  
f - 
3 m from edge 43"C, a t  30 m 52"C, a t  300 m 54"C, a t  500 m 60°C. E a r l i e r ,  
s t i l l  h i g h e r  s u r f a c e  tempera tures  (70-74°C) were recorded dur ing  t h e  
same summer season  a t  300 n and 500 m p o i n t s .  These h ighe r  temperatures  
p r e v a i l e d  a t  mid-day d u r i n g  a dry  s p e l l  when the  b l ack ,  g l a s sy  s u r f a c e  
of  t h e  massive pahoehoe lava had been exposed t o  i n t e n s e  sunshine i n  t h e  
morning. This  tempera ture  g r a d i e n t  corresponded t o  t h e  invas iona l  
p a t t e r n  of p l a n t s  observed.  I n  yea r  9 (1968),  a lgae  and l i c h e n s  had 
p e n e t r a t e d  t o  250 m (54°C) on t h e  c r a t e r  f l o o r ,  whi le  f e r n s  and mosses 
fo l lowed c l o s e l y .  Nat ive  woody p l a n t s  were e s t a b l i s h e d  up t o  114 m 
(52-53"C), b u t  t h e  e x o t i c  g r a s s e s  and f o r b s  had pene t r a t ed  l e s s  than  20 m 
(43OC). 
Temperature measurements were a l s o  made i n  j o i n t  c racks  where 
Nephrolep is  e x a l t a t a  was e s t a b l i s h e d .  During t h e  warmest p a r t  of the  day 
t h e  tempera ture  a t  t h e  p l a c e s  of rhizome attachment were up t o  13°C 
below 'the, s u r f  a c e  tempera tures .  The exposed j o i n t  f a c e s ,  which 
c o n s i s t e d  of dark  r e d ,  and g r e e n i s h  b l ack  s t r a t a  v a r i e d  i n  s u r f a c e  
temperature.  When e q u a l l y  exposed t o  t he  sun,  t h e  b l a c k ,  g l a s s y  and r e d  
s u r f  aces became much warmer (39. O°C) than  t h e  greenish  b l a c k  ones 
(35.5"C). 
The c i n d e r  cone summit of h a b i t a t  3  took a  long time t o  coo l  o f f .  
During t h e  f i r s t  3 t o  4 y e a r s  a f t e r  t h e  e rup t ion ,  t he  summit steamed 
v i g o r o u s l y  a f t e r  each r a i n f a l l .  Steam r i s i n g  through the  h o t  mound of 
c i n d e r s  and b u r i e d  f o r e s t  caused cons ide rab le  hydrothermal a l t e r a t i o n  i n  
t h e  p y r o c l a s t i c  m a t e r i a l .  I n  t h e  f i r s t  two yea r s ,  l a r g e  d e p o s i t s  of 
w h i t i s h  t o  orange sub l ima te s  were depos i ted  around t h e  steaming f i s s u r e s  
on t h e  summit. The summit and s l o p e  temperatures  remained h igh  f o r  
s e v e r a l  y e a r s .  I n  J u l y  1963, Fox (1964) made s e v e r a l  temperature 
measurements a long  the  e a s t  s lope .  He . repor ted  a  s u r f a c e  temperature of 
20°C a t  t h e  lower s l o p e  of t h e  cone. Fu r the r  up, t he  temperature began 
t o  i n c r e a s e  s t e e p l y ,  and a t  about  one-fourth- of t h e  d i s t a n c e  from the  
summit, t empera tures  of 150 t o  160°C were recorded w i t h i n  10 cm of t he  
s u r f a c e  i n  y e a r  4. In  t h i s  a r e a  of t h e  summit, n a t i v e  woody p l a n t s  
(Vaccinium r e t i c u l a t u m ,  Dubautia  s c a b r a  and Metrosideros polymorpha were 
noted  on ly  i n  yea r  9  (1968).  A t  t h a t  time only a  few f i s s u r e s  cont inued 
t o  emit steam. 
Thus, i n  h a b i t a t s  1 and 2 s u b s t r a t e  s u r f a c e  temperatures--control led 
p r i m a r i l y  by t h e  slow coo l ing  p a t t e r n  of t he  i n t e r i o r  of t h e  new vo lcan ic  
habi ta t s - -were  c o r r e l a t e d  w i t h  t h e  observed p l a n t  invas ion  p a t t e r n .  I n  
h a b i t a t  1 t h i s  e x p l a i n s  i n  p a r t  t h e  concen t r i c  progress ion  of p l a n t  l i f e  
towards t h e  c e n t e r .  In  h a b i t a t  2 t h e  s t i l l  slower cool ing  of t h e  
s u r f a c e  e x p l a i n s  p a r t l y  t h e  de l ay  till year  3  (1962) of t he  f i r s t  a l g a l  
appearance (APPENDIX 2) .  
S u b s t r a t e  moisture.--The p r o p e r t i e s  t e s t e d  were s imula ted  f i e l d  
c a p a c i t y  and permanent w i l t i n g  percentage  of t he  p y r o c l a s t i c  m a t e r i a l s .  
Unexpectedly, t h e r e  were no s i g n i f i c a n t  d i f f e r ences  i n  t he  s o i l  
m o i s t u r e  c o n s t a n t s  between s p a t t e r  and pumice m a t e r i a l s .  Thei r  
s imu la t ed  f i e l d  c a p a c i t i e s  (FC) v a r i e d  from 33% t o  46% (by we igh t ) ,  t h e i r  
permanent w i l t i n g  percentages  (PWP a t  15  atm) va r i ed  from 31% t o  43%. 
Thus, a v a i l a b l e  wa te r  (de f ined  a s  t h e  d i f f e r e n c e  between FC and PWP) 
ranged on ly  from 2% t o  3%. Small c inde r  blocks from t h e  summit of the  
c i n d e r  cone ( h a b i t a t  2) had a  f i e l d  capac i ty  of only 15%, b u t  a v a i l a b l e  
w a t e r  was even s l i g h t l y  g r e a t e r  w i th  3.7%. However, t h i s  d i f f e r e n c e  
w a s  probably  not  s i g n i f i c a n t .  Thus, t h e r e  is l e s s  water  a v a i l a b l e  i n  
t h e s e  new vo lcan ic  m a t e r i a l s  t han  i n  most s o i l s  inc luding  sands ,  and 
p l a n t s  w i l l  have wa te r  f o r  growth only f o r  s h o r t  per iods  a f t e r  showers. 
T h i s  is  f u r t h e r  co r robora t ed  by the  s u b s t r a t e  mois ture  va lues  
shown i n  TABLE 7 .  Even 48 hours  a f t e r  a  prolonged shower i n  excess  of 
100 mm, t h e  mois ture  downwards i n  s e v e r a l  ash p r o f i l e s  was b a r e l y  i n  
t h e  range  a v a i l a b l e  t o  p l a n t s .  The va lues  i n  TABLE 7 may show two 
t h i n g s :  f i r s t l y ,  t h a t  a  two-day evapora t ion  had d r i e d  up the  upper 5  cm 
cons ide rab ly  below the  w i l t i n g  percentage .  Secondly, t h a t  even a  
prolonged shower may no t  wet t h e  ash  p a r t i c l e s  t o  capac i ty .  A p l a n t  
roo ted  i n  t h e  upper 25 cm t h e r e f o r e  would grow only a c t i v e l y  f o r  a s h o r t  
pe r iod  fo l lowing  p r o f i l e  w e t t i n g .  This may a l s o  exp la in  the  g r e a t e r  
succes s  of more deeply roo ted  woody p l a n t s  and of herbaceous p l a n t s  wi th  
t h i c k  rhizomes ( f e r n s )  o r  bu lbs .  
TABLE 7. 
p r o f i l e s  
100 mm. 
S u b s t r a t e  mo i s tu re  (% weight)  i n  v o l c a n i c  a sh  
48 hour s  fo l l owing  a  r a i n  shower i n  excess  of 
Each v a l u e  r e p r e s e n t s  t h e  mean of 10 samples. 
Depth of Habi ta t  
sample 2 3 4 5 6 
1 - 3 c m  8.5 12.4 16.2 22.6 3.5 
3 - 5 c m  10.0 14.4 18.0 - 11.0 
8 - 12  c m  14.0 33.0 * - 
15 - 25 cm 20.0 ' O o 5  - l-Jzl - 
*only t h e  blocked-out v a l u e s  a r e  i n  t h e  a v a i l a b l e  range. 
P l a n t  n u t r i e n t s  i n  s o i l  and r a i n  water.--The vo lcan ic  s u b s t r a t e s  of 
a l l  s i x  h a b i t a t s  o r i g i n a t e d  more o r  l e s s  s imultaneously from t h e  same 
sou rce .  The rock sou rce  is  desc r ibed  a s  o l i v i n e  b a s a l t  ' (~acdona ld  and 
Hubbard 1966).  The b a s i c  chemical  c o n s t i t u e n t s  i n  t h e s e  p h y s i c a l l y  
d i f f e r e n t  m a t e r i a l s  i s  known t o  d i f f e r  l i t t l e .  However, t h e  q u e s t i o n  of 
concern  h e r e  was whether t h i s  i s  t r u e  a l s o  f o r  t he  exchangeable and 
a v a i l a b l e  p l a n t  n u t r i e n t s .  
N u t r i e n t  ana lyses  were made from chipped o f f  l a v a  rock m a t e r i a l  of 
h a b i t a t  1 and f o r  ash  m a t e r i a l  of h a b i t a t  2. The va lues  a r e  shown i n  
TABLE 8. Both t h e  l a v a  rock ( h a b i t a t  1 )  and the  vo lcan ic  a sh  ( h a b i t a t  2) 
have  some n u t r i e n t  c a p a b i l i t y  a s  i n d i c a t e d  by the  chemical a n a l y s i s .  
The s u r f a c e  v a l u e s  of exchangeable c a t i o n s  f o r  t he  ash a r e  h ighe r  
t h a n  f o r  t h e  l ava .  However, t h e s e  were s i n g l e  de te rmina t ions  only .  
Neve r the l e s s ,  i t  appears  conce ivable  t h a t  t he  g r e a t e r  s u r f a c e  a r e a  
a s s o c i a t e d  w i t h  t h e  f i n e r  p a r t i c l e  s i z e  of t he  ash i s  c o n s i s t e n t l y  
c o r r e l a t e d  wi th  h ighe r  v a l u e s  f o r  exchangeable c a t i o n s .  The h i g h e r  NO3 
v a l u e s  of  t h e  a sh  samples i n  comparison t o  the  l ava  a r e  r a t h e r  s t r i k i n g .  
I n  Hawaiian a g r i c u l t u r a l  s o i l s ,  N O 3  va lues  of between 5 ppm t o  40 ppm 
a r e  cons idered  normal (Dr. Y .  Kanehiro, personal  communication). Thus, 
t h e  v a l u e  f o r  t h e  s u r f a c e  3 cm of t h e  vo lcan ic  ash on t h e  c i n d e r  cone 
h a b i t a t  i s  extremely h igh  and may have been a  l o c a l  unconformity. 
Neve r the l e s s ,  t h e  subsu r face  ash va lue  i s  more than twice a s  h igh  as t h a t  
on t h e  l a v a .  Moreover, i t  i s  i n t e r e s t i n g  t h a t  even t h e  NO3 va lue  on t h e  
l a v a  rock f a l l s  i n t o  t h e  range  of what a r e  considered "normal" N O 3  amounts 
f o r  mature s o i l s .  
A number of pH de te rmina t ions  were made f o r  t he  s u r f a c e  and subsu r face  
m a t e r i a l  i n  August 1967. These a r e  shown i n  TABLE 9 .  
TABLE 8 .  Exchangeable cations and available phosphorus and 
n i t r a t e  i n  two volcanic substrates e ight  years a f ter  
deposition. A l l  values i n  ppm. 
lava volcanic ash 
Nutrients depth 0 - 2 cm 0 - 2 c m  8 - 12 cm 
Exchangeab le 
Ca 
1 .0  3.6 1.5 
K 1 .4  5 .6  2 .8  
Na 2.0 5 .0  3.0 
Available 
P 5 . 3  0 . 8  1.2 
N03 6.7 59.9 14.7 
TABLE 9. S u b s t r a t e  pH va lues  a t  s u r f a c e  and subsur face  i n  
s i x  new v o l c a n i c  h a b i t a t s .  Values s t a t e d  a r e  t h e  most 
f r e q u e n t  o u t  of 10  de termina t ions  each. 
Surf ace  Subsurf ace  
Hab i t a t  O - 2 c m  a t  10  cm a t  20 cm 
The pH v a l u e s  show a range  from 4 . 5  t o  5 . 4  f o r  t h e  s u r f a c e  of the  
a s h  s u b s t r a t e s .  They w e r e  more a c i d  than  the  l ava  rock s u r f a c e .  Downwards 
in t h e  a s h  p r o f i l e s ,  t h e  pH v a l u e s  increased  c o n s i s t e n t l y .  The i n c r e a s e  
o f  pH v a l u e s  w i t h  p r o f i l e  depth  is  q u i t e  normal f o r  s o i l s  t h a t  have a 
h i g h e r  o r g a n i c  c o n t e n t  a t  t h e  s u r f a c e .  I n  t h e  ash s u b s t r a t e s  t he  o rgan ic  
c o n t e n t  was n o t  t e s t e d ,  because i t  appeared n e g l i g i b l e .  The lower s u r f a c e  
pH's a t  t h e  s u r f a c e  were somewhat 'surpris ing.  They could have been 
r e l a t e d  t o  t h e  s u r f a c e  n i t r o g e n  p re sen t . ,  I f  t h e  N were o r i g i n a l l y  
p r e s e n t  i n  N H ~ +  form a n  a c i d  c o n d i t i o n  could r e s u l t  from t h e  fol lowing 
. . 
r e a c t i o n  : 
Two ra inwa te r  a n a l y s e s  were made t o  s e e  i f  t h e r e  could have been 
any n u t r i e n t  c o n t r i b u t i o n  through t h i s  source.  The r e s u l t s  a r e  s t a t e d  
i n  TABLE 10.  Both a n a l y s e s  w e r e  made a t  a t ime when vo lcan ic  fumes were 
blown from o t h e r  a c t i v e  v o l c a n i c  v e n t s  (Halemaumau and Aloi-Alae) towards 
t h e  Park  Headquarters  and t h e ' s t u d y  a r e a s .  This  may account  f o r  t h e  h igh  
amount of SO4 i n  each sample. It appears  l i k e l y  t h a t  t h e  S O 4  may 
c o n t r i b u t e  even more s t r o n g l y  than  the  N t o  t he  a c i d i f i c a t i o n  of new 
v o l c a n i c  s u r f a c e s  d i scussed  above. 
It is i n t e r e s t i n g  a l s o  t h a t  smal l  amounts of ,N03 were p re sen t  i n  
t h e  r a inwa te r .  Th i s  q u a n t i t y  may b e  s u f f i c i e n t  t o  provide  a b a s i s  f o r  
e s t ab l i shmen t  of p l a n t  l i f e  on raw vo lcan ic  s u b s t r a t e s  t h a t  a r e  
i n i t i a l l y  devoid of o rgan ic  n i t rogen .  Of course ,  a l s o  t h e  NO3 i n  the  
r a i n w a t e r  must have an  o r g a n i c  o r i g i n .  
Mine ra log ica l  propert ies . - -Examinat ion of t he  l a v a  rock and 
p y r o c l a s t i c s  by X-ray d i f f r a c t i o n  a n a l y s i s  revea led  t h a t  t h e r e  were some 
TABLE 10. Plant nutrients in rainwater (ppm) near the 
study area (Park Headquarters) .* 
Nutrients Feb. 68 Feb. 70 
N03 0.01 0.07 
Ca 0.9 3.2 
Mg 0.5 0 
K 0.5 0 
*Both samples were taken during volcanic fuming. 
d i f f e r e n c e s  i n  t h e i r  m i n e r a l  composition. Although a l l  of t h e s e  
s u b s t r a t e s  have t h e  same chemical composition, t h e  mine ra l s  va r i ed  from 
t h e  n o n - c r y s t a l l i n e  m a t e r i a l  i n  f r e s h  pumice t o  t h e  c r y s t a l l i n e  
magne t i t e ,  o l i v i n e ,  and p l a g i o c l a s e  f e l d s p a r  i n  t h e  s p a t t e r  and l a v a  
rock. The X-ray t r a c i n g s  of t h e s e  s u b s t r a t e s  a r e  presented  i n  FIG. 23. 
These t r a c i n g s  r e v e a l  t h a t  pumice, a p y r o c l a s t i c  m a t e r i a l  which has  
cooled s u f f i c i e n t l y  f a s t ,  is composed p r i m a r i l y  of g l a s s .  Under t hese  
c o n d i t i o n s ,  i t  is  n o t  p o s s i b l e  t o  d e t e c t  c r y s t a l l i n i t y  by X-ray 
d i f f r a c t i o n  a n a l y s i s .  However, t h e  s p a t t e r  and l a v a  rock ,  which have 
cooled much more s lowly  than  t h e  pumice, show the  presence of t he  
c r y s t a l l i n e  mine ra l s  mentioned above. 
Although t h e  m a t e r i a l s  have been sub jec t ed  t o  n i n e  years  of s o i l  
forming p r o c e s s e s ,  based on X-ray techniques t h e r e  is  no n o t i c e a b l e  
a l t e r a t i o n  i n  t h e  pr imary minera ls  except  i n  t h e  hydrothermally a l t e r e d  
l a v a  rock  i n  h a b i t a t  1. Here, t h e  pe t rographic  microscope revealed some 
s l i g h t  a l t e r a t i o n  of t h e  i r o n  bea r ing  minera ls  t o  hemat i te .  
F i n a l l y ,  FIG. 23 shows t h a t  t he  a l t e r e d  pumice, which contained 
sub l ima te s  depos i t ed  around fumaroles ,  was q u i t e  d i f f e r e n t  i n  mineral  
composi t ion when compared t o  t h e  s p a t t e r  and t h e  l a v a  rock. It  was n o t  
p o s s i b l e  a s  y e t  t o  i d e n t i f y  t h e s e  subl imates .  The same d i f f i c u l t y  was 
encountered p r e v i o u s l y  by Murata (1966) who c o l l e c t e d  deep orange 
pseudomorphs from t h e  pumice t h a t  had been exposed t o  a c i d  gases  coming 
through f i s s u r e s  on t h e  c i n d e r  cone. He concluded t h a t  t h e  deep orange 
c o l o r  w a s  b rought  about  by h igh ly  porous pseudomorphs absorbing l a r g e  
q u a n t i t i e s  of fe r r ic  c h l o r i d e .  An a n a l y s i s  of t h e  pseudomorphic 
material showed t h a t  i t  contained 79.2% SiO 17.0% H 0 ,  and o the r  minor 2 ' 2 
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FIG. 23. X-ray d i f f r a c t i o n  t r a c i n g s  f o r  h a b i t a t  
s u b s t r a t e s  ,showing g ros s  mineralogy. 
c o n s t i t u e n t s  commonly found i n  b a s a l t s .  The composition corresponded 
t o  t h a t  of a hydrous s i l i c a ,  and t h e  X-ray d i f f r a c t i o n  p a t t e r n  of t he  
same m a t e r i a l  showed a s i n g l e  d i f f u s e  maximum band t y p i c a l  of amorphous 
s i l i c a .  Murata concluded t h a t  t h e  steaming hydrochlor ic  and s u l f u r i c  
a c i d s  had decomposed t h e  s u p e r f i c i a l  pumice i n t o  the  s i l i c e o u s  
pseudomorphs. Yel lowish nodules  of pumice fragments cemented by 
c r y s t a l l i z a t i o n  of v a r i o u s  s a l t s  (mostly ch lo r ides )  were a l s o  examined 
by Murata through X-ray d i f f r a c t i o n  ana lys i s .  Most of t h i s  m a t e r i a l  was 
amorphous, a l though s m a l l  amounts of h a l i t e  and ana ta se  were p re sen t .  
+2 A s o l u t i o n  prepared  of t h i s  m a t e r i a l  gave a s t rong  t e s t  f o r  ~ 1 - ,  Fe , 
+ 
~ e + ~ ,  M ~ + ~ ,  ~ 1 + ~ ,  and N a  . Thus, based on the  r e s u l t s  of Nurata ,  t h e r e  
is s t r o n g  sugges t ion  t h a t  t h e  secondary m a t e r i a l s  found on t h e  c inde r  
cone c o n s i s t  p r i m a r i l y  of o p a l ,  a hydrous non-c rys t a l l i ne  s i l i c a  ( a  w h i t i s h  
d e p o s i t ) ,  gypsum ( a l s o  a w h i t i s h  d e p o s i t ) ,  and hemat i te  ( a  dark  red  
m a t e r i a l ) ,  and l i m o n i t e  ( a  yellow t o  orange m a t e r i a l ) .  FIG. 24 shows a 
photograph of t h e  c i n d e r  cone, which i n d i c a t e s  the d i s c o l o r a t i o n  by these  
secondary m a t e r i a l s .  

DISCUSSION 
Obviously, the patterns of plant invasion and recovery observed, 
depended on a number of specific factors and factor combinations of 
which only some can be explained by the environmental measurements made. 
However, the breakdown of the total area into the six habitats and the 
study of associated features provided a basis for isolating the most 
probable causes or limiting factors from the total matrix of factors 
involved in the plant establishment on these new volcanic materials. 
The recorded plant invasion and recovery patterns may be 
summarized as follows: 
A directional progression of invasion was recorded on Kilauea 
Iki crater floor (habitat I.) and the spatter-with-tree snags 
area (habitat 3). A directional recovery was also noted in 
habitats 3 and 5. 
Differences in rate of invasion were observed in the same 
climate on different substrates of the same age. 
Distinct sequences in arrival of plant life forms were ' 
recorded in different habitats. 
Primary community formation was observed through development 
of synusiae and aggregation. 
Survival capacity was seen to be a combination of degree of 
destruction effects and plant life form characteristics. 
Observations were made on the relative contribution of native 
and exotic species to plant recovery. 
'2 
Factors related to directional invasion and recovery 
At the onset of the study, it was assumed that the climatic 
gradient may have some influence on the direction of plant invasion. 
However, edaphic differences along this gradient exerted a much stronger 
control. Moreover, directional invasion patterns were not influenced 
by one factor only. 
Substrate heat gradient.--The concentric inward advance of plant 
life on the Kilauea crater floor was closely related to the substrate 
heat gradient that showed initial cooling at the crater floor margin. 
As shown by the substrate temperature measurements, the temperature 
increased towards the center of the crater. The temperature measurements 
made were too general to assign any threshhold values that limited the 
advance of the different life forms. But the algae were found in the 
first advancing front and here maxima measured on the lava surface 
ranged from 54°C to 70°C during the warmest part of the day in summer 
1968. Apparently, the same surface maxima were tolerated by the lichens 
who appeared only two years after the algae, but then occurred in the 
advancing front together with the algae. The probable cause of delay 
in arrival of the lichens will be discussed later. All other life forms 
advanced only behind the algae. Thus, their establishment was possible 
only at lower temperature maxima.' Noreover, they occurred at their 
advancing front only in lava cracks where surface temperatures were 
moderated by shade. Direct temperatures of the vapor steam were as 
high as 98°C and ferns and mosses would grow next to such hot vapor 
in the same cracks. But the substrate temperatures at the points of 
plant attachment were quite moderate, always under 45°C. The lava 
surface temperatures were probably a combination of two heat sources, 
one coming from the glowing magna below, the other from the sun. W. P. 
Hasbrouck (U.S. Environmental Science Service Administration) made 
several subsurface temperature measurements in shallow bore holes of 
the lava rock near the center of the crater floor in 1967. He recorded 
the following temperatures (TABLE 11). 
TABLE 11. Temperatures in shallow bore holes measured 
in a 2-foot circle on the Kilauea lava floor 
(near center) in 1967. (Unpublished data 
courtesy of W. P. Hasbrouck) 
Depth Temperatures 
TABLE 11 shows that the heat increased downwards as expected. 
However, a 50°C (122°F) surface temperature can easily be generated on 
any black surface during periods of sun exposure in temperate climates. 
Thus, it can be said with certainty that the pioneer mosses, ferns and 
seed plants did not invade the crater floor until the lava surface heat 
was'down to a temperature level that could be found in the cracks of any 
paved road in that climate. It is probable even that purely sun- 
generated surface heat kept these plants from entering the lava surface, 
while this was evidently not so for the lichens and algae. Therefore, 
the progress of plant life towards the center of the crater floor was 
related to a decrease in the volcanic heat from below, and plant life 
invaded only when the heat level had come to a temperature range as 
found on non-volcanic surfaces. 
A subsurface heat-related invasion was also observed on the cinder 
cone habitat. Bowever, here the invasion pattern was not as clearly 
directional as on the crater floor. Instead, the invasion delay of 
two to three years (APPEMIX 2) was most probably caused by the slow 
cooling of the cinder cone surface. 
The directional invasion recorded in the spatter-with-tree-snags 
habitat (No. 3) had nothing to do with substrate temperatures. Here, 
the direction was related to two factors, the nearness of a seed source, 
and a snag-density gradient. 
Nearness of seed source.--As shown on the map (FIG. 2, p. 69) a 
relatively undisturbed rain forest bordered habitat 3 on the east side. 
The invasion began at this border and progressed across the board walk 
towards the cinder cone habitat in an eastern direction. The disseminule 
abundance was probably great right at this border and decreased away from 
it. 
The important invaders here were the exotic woody plants, Rubus 
rosaefolius, R. penetrans and Buddleja asiatica. All three were of 
minor quantitative importance in the undisturbed rain forest next to 
habitat 3. A major factor for their success was an explosive fruit and 
seed production of the surviving individuals at the margin of the 
relatively undisturbed forest. This was undoubtedly caused by the 
sudden openness an? increased light availability right after the ash 
w 
fallout. 
Snag-density gradient.--The advance of seed p l a n t s  on to  t h e  new 
v o l c a n i c  s u r f a c e  was f a c i l i t a t e d  by t h e  presence of the  Metrosideros 
tree snags .  They caused m i c r o h a b i t a t s  around the  stem t h a t  showed 
b e t t e r  mo i s tu re  r e l a t i o n s  than  e x i s t e d  i n  t h e  ash between t h e  snags.  
Many of  t h e  new invadors  became e s t a b l i s h e d  a t  t he  base of such snags.  
Such a n  e s t ab l i shmen t  i s  shown on FIG. 25 f o r  Buddleja a s i a t i c a .  This  
e s t ab l i shmen t  p a t t e r n  was t y p i c a l  a l s o  i n  t he  pumice-with-tree snags . 
h a b i t a t  (No. 4 ) .  A number of s u b s t r a t e  moisture samples were c o l l e c t e d  
a t  tree snag b a s e s  and i n  i n t e r v e n i n g  spaces.  The va lues  shown i n  
TABLE 1 2  are i n d i c a t i v e  f o r  t h e  d i f f e r e n c e s  recorded. 
TABLE 12.  S u b s t r a t e  mois ture  (% by weight)* recorded 
a t  t h e  b a s e  of t r e e  snags and i n  the  open ash 
s u r f a c e  48 hours  fo l lowing  r a i n  i n  excess  of 100 mm 
H a b i t a t  Depth A t  snag base >I m away 
a .  ( cm) 
No. 3 1 - 3  14 .1  12.4 
No. 4  1 - 3  . 18.4 16.2 
3 - 5  20.9 18.0 
*Each va lue  r e p r e s e n t s  t h e  mean of 10 samples. 
The g r e a t e r  mo i s tu re  a t  t h e  snag bases  i s  e a s i l y  explained.  
R a i n f a l l  occur red  u s u a l l y  i n  a s s o c i a t i o n  wi th  s t rong  winds from t h e  NE.  
During such d r i v i n g  r a i n s ,  t h e  t r e e  snags ac ted  a s  i n t e r c e p t o r s  and more 
- water would run  t o  t h e i r  bases  t han  was normally d i s t r i b u t e d  over  t h e  
FIG. 25.1. Eastern  boundary of spatter-with-tree-snags h a b i t a t  
(No. 3) where it j o i n s  t h e  c inder  cone h a b i t a t  (No. 2 ) . 
Photograph taken i n  year 4 (1963) . . 
FIG. 25.2. The same l o c a t i o n  photographed i n  yea r  7 (1966). 
Severa l  Buddleja a s i a t i c a  i n d i v i d u a l s  had become 
e s t a b l i s h e d  a t  the  bases of tree snags. 
s u r f a c e .  This p r e c i p i t a t i o n  moi s tu re  concen t r a t ion  e f f e c t  on o b j e c t s  
e l e v a t e d  above t h e  s u r f a c e  occurred  over  t h e  e n t i r e  s tudy  a r e a .  The 
e f f e c t  was borne  o u t  by t h e  comparison of mois ture  caught i n  pa i r ed  
ra in  gauges of which one was equipped wi th  a Grunow fog  i n t e r c e p t o r .  
TABLE 1 3  shows t h e  amounts of monthly r a i n  w a t e l  caught i n  such pa i r ed  
r a i n  gauges i n  h a b i t a t  6.  The p r e c i p i t a t i o n  water  caught i n  the  gauge 
w i t h  f o g  i n t e r c e p t o r  was c o n s i s t e n t l y . h i g h e r .  The excess  q u a n t i t y  ranged 
from 1.2 t o  1.8.  The Gronow fog  i n t e r c e p t o r  is  a 20 cm high  w i r e  
c y l i n d e r  of 9.6 cm diameter .  A 2 m t a l l  snag of s i m i l a r  diameter  
would have  probably s u p p l i e d  12  t o  18 times t h e  amount of normally 
d i s t r i b u t e d  r a i n f a l l .  This  i n d i c a t e s  t h a t  t he  moisture concen t r a t ion  a t  
the b a s e s  of snags  must have been an  important  f a c t o r  i n  p l a n t  
e s t ab l i shmen t .  Th i s  mo i s tu re  concen t r a t ion  e f f e c t  is  p a r t i c u l a r l y  
impor tan t  when viewed i n  r e l a t i o n  t o  the  low capac i ty  of t he  ash 
s u b s t r a t e s  t o  s t o r e  wa te r  i n  a v a i l a b l e  form f o r  p l a n t  growth. 
The d e n s i t y  of snags  was h ighe r  near  t he  border  of the  undisturbed 
f o r e s t  i n  h a b i t a t  3 ( s e e  FIG. 9 ,  p.  124 and 125) and decreased t o  t h e  
b o r d e r  of t h e  c i n d e r  cone ( s e e  FIG. 25) .  This  snag d e n s i t y  g r a d i e n t ,  
t h e r e f o r e ,  was a suppor t ing  f a c t o r  i n  the d i r e c t i o n a l  i nvas ion  from e a s t  
t o  wes t  i n  h a b i t a t  3 .  
Ash-depth gradient.--A d i r e c t i o n a l  recovery of su rv iv ing  p l a n t s  was 
observed on ly  i n  two h a b i t a t s ,  i n  t he  spa t t e r -wi th - t r ee  snags h a b i t a t  
(No. 3) and i n  t h e  pumice-with-surviving-trees h a b i t a t  (No. 5 ) .  The 
obvious cause  was t h e  ash-depth g rad ien t  which i n  both  h a b i t a t s  s t a r t e d  
a t  t h e i r  o u t e r  margins w i t h  l e s s  than  10 cm depth and increased  i n  
. d i r e c t i o n  of t h e  c i n d e r  cone h a b i t a t  (No. 2) t o  more than  2 m depth 
(FIG. 2) . 
TABLE 13.  Monthly p r e c i p i t a t i o n  water  (m) received i n  a 
s t a n d a r d  r a i n  gauge and an  a d j a c e n t  one equipped wi th  
a Grunow fog  i n t e r c e p t o r  i n  h a b i t a t  6  dur ing  1968 
Standard Gauge w i t h  F rac t ion  
Month gauge fog i n t e r c e p t o r  of s tandard  
March 
A p r i l  
June 
J u l y  
August 
September 
October 
November 
December 
T o t a l s  1551.2 2309.2 
Mean - - 
I n  h a b i t a t  3 t h i s  d i r e c t i o n a l  recovery was manifested i n  b a s a l  
s p r o u t i n g  of Metros ideros  snags  t h a t  were i n i t i a l l y  be l i eved  k i l l e d .  
Basa l  s p r o u t i n g  s t a r t e d  a t  t h e  h a b i t a t  border ,  where the  s p a t t e r  was 
less than  10  cm deep and cont inued eastward t o  the  middle of h a b i t a t  3 
(near  t h e  board walk) where t h e  s p a t t e r  was about 50 cm deep ( see  FIG. 
9 . 4 ,  p. 125) .  The b a s a l  s p r o u t i n g  w a s  unique t o  the  s p a t t e r  h a b i t a t  and 
must have  been r e l a t e d  t o  t h e  n a t u r e  of t h i s  p y r o c l a s t i c  depos i t .  The 
material became immediately welded o r  cemented i n t o  c o a r s e r  fragments 
upon d e p o s i t i o n .  The f a l l o u t  s t r i p p e d  o f f  nea r ly  a l l  sma l l  branches and 
bark .  However, a t  t h e  base  of t he  s tems,  molds were formed through a  
sudden c h i l l i n g  of t h e  glowing ash .  A smal l  space was u s u a l l y  l e f t  
between t h e  sco red  s tem b a s e  and t h e  mold. This  space  must have  
provided  f o r  p r e c i p i t a t i o n  moi s tu re  p e n e t r a t i o n  and accumulation around 
t h e  s t e m  and f o r  gaseous exchange which encouraged the  b a s a l  sp rou t ing  
f? from s t i l l  l i v i n g  t i s s u e  a t  t h e  stem base.  A t r e e  mold i n  h a b i t a t  3 
is shown on FIG. 26, where t h e  o r i g i n a l  ~ e t r o s i d e r o s  t r e e  was burned a t  
t h e  base .  It is probable  t h a t  on ly  t h e  o l d e r  t r e e s  w i t h  rough ba rk  and 
a t h i c k  e p i p h y t i c  moss l a y e r  surrounding t h e i r  t r e e  base  surv ived  t h e  
s p a t t e r  d e p o s i t i o n .  
The Metros ideros  t r e e s  i n  h a b i t a t  5 recovered more o r  less 
s imul t aneous ly  a long  t h e  ash-depth g r a d i e n t ,  and t h e i r  r e sp rou t ing  was 
r a r e l y  from t h e  base ,  b u t  i n s t e a d  from t h e  remaining a e r i a l  stem p a r t .  
A d i r e c t i o n a l  recovery was only  observed f o r  t he  su rv iv ing  undergrowth 
s p e c i e s ,  t h e  sh rubs  and he rbs .  Here a  rough r e l a t i o n s h i p  of s i z e  and 
pumice dep th  was noted. The s u r v i v i n g  shrubs  reappeared g e n e r a l l y  up t o  
a pumice depth  of 50 cm and t h e  h e r b s  up t o  depths of 25 cm. However, 
P 
FIG. 25.3. The same l o c a t i o n  photographed i n  yea r  9 (1968). 
More Buddle j a ind iv idua l s  'had become e s t a b l i s h e d  
b u t  s e v e r a l  were dying where t h e  snags had f a l l e n .  
FIG. 26. Tree mold i n  h a b i t a t  3 with  S a d l e r i a  cyatheoides 
seedl ing.  Tree molds were p re fe r red  mic rohab i ta t s  
f o r  invas ion of p ioneer  mosses and f e r n s .  
t h e s e  l i f e  form boundar ies  of s u r v i v i n g  undergrowth p l a n t s  were n o t  s o  
c l e a r l y  de f ined .  A d i r e c t i o n a l  i nvas ion  p a t t e r n  s i m i l a r  t o  t h a t  of 
h a b i t a t  3,  w i t h  Rubus r o s a e f o l i u s  and R. pene t r ans  advancing from t h e  
und i s tu rbed  s t a n d ,  was a l s o  seen  i n  h a b i t a t  5 .  However, t h i s  area w a s  
n o t  i nc luded  i n  t h e  t r a n s e c t  system. The invas ion  a t  t h i s  s i d e  was n o t  
n e a r l y  a s  v igo rous  a s  t h a t  observed i n  h a b i t a t  5. The two Rubus s p e c i e s  
were much more s c a t t e r e d  and very  few Buddleja s eed l ings  advanced from 
t h e  e a s t  s i d e  of h a b i t a t  5. This  d i f f e r e n c e  t o  h a b i t a t  3 was probably 
r e l a t e d  t o  t h e  much r a r e r  occurrence  of t h e s e  spec i e s  i n  t he  neighboring 
und i s tu rbed  s e a s o n a l  f o r e s t  (FIG. 2 ) .  Also,  the  somewhat reduced 
r a i n f a l l  a long  t h i s  bo rde r  of h a b i t a t  5 may have been a  c o n t r i b u t i n g  
f a c t o r .  
F a c t o r s  r e l a t e d  t o  d i f f e r e n c e s  i n  invas ion  r a t e  
Rate  of  i n v a s i o n  was p rev ious ly  de f ined  i n  t h r e e  ways, (1) t h e  
q u a n t i t a t i v e  s p r e a d  of p l a n t s  over  t h e  new volcanic  su r f aces  i n  terms of 
i n c r e a s i n g  f r e q u e n c i e s ,  (2) t he  i n c r e a s e  i n  number of s p e c i e s ,  and 
(3) t h e  i n c r e a s e  i n  p l a n t  cover .  
The r e s u l t s  can b e  b r i e f l y  summarized a s  fol lows:  
H a b i t a t  1 ( c r a t e r  f l o o r )  showed a  moderately f a s t  r a t e  of i nvas ion  
b u t  no s i g n i f i c a n t  i n c r e a s e  i n  cover .  Its s p e c i e s  d i v e r s i t y  was moderate 
zh 3Q sgeeies in y e a r  9 
H a b i t a t  2 ( c i n d e r  cone) showed a  de l ay  of invas ion  by 2  t o  3 yea r s  
a and no s i g n i f i c a n t  cover i n c r e a s e .  Its s p e c i e s  d i v e r s i t y  was low wi th  
only  1 8  s p e c i e s  i n  y e a r  9 .  
H a b i t a t  3 ( s p a t t e r  w i th  snags)  showed a f a s t  r a t e  of i nvas ion  t h a t  
was suppor ted  by a  h igh  r a t e  of p l a n t  cover  i nc rease .  Spec ies  d i v e r s i t y  
was h i g h e s t  w i t h  64 s p e c i e s  e s t a b l i s h e d  i n  year  9 .  
H a b i t a t  4 (pumice w i t h  snags)  showed an  e a r l i e r  i nvas ion  b u t  o the r -  
w i s e  t h e  same r a t e  a s  occurred  i n  h a b i t a t  2 .  Its spec i e s  d i v e r s i t y  was 
moderate  w i t h  34 s p e c i e s ,  and t h e  cover  w a s  smal l  i n  year  9 .  
H a b i t a t  5  (pumice w i t h  s u r v i v i n g . t r e e s )  showed a somewhat f a s t e r  
i n v a s i o n  r a t e  than  h a b i t a t  4 .  The cover  of t he  invading s p e c i e s  was 
a l s o  g r e a t e r  than  i n  h a b i t a t  4 ,  b u t  s p e c i e s  d i v e r s i t y  was even l e s s  
w i t h  28  s p e c i e s  i n  y e a r  9 .  
H a b i t a t  6 ( t h i n  f a l l o u t  a r e a )  showed a s i m i l a r  invas ion  r a t e  as 
h a b i t a t  5 ,  b u t  some s i g n i f i c a n t  d i f f e r e n c e s  i n  f l o r i s t i c  composition. 
The cover  of t h e  invade r s  was a l i t t l e  g r e a t e r  than i n  h a b i t a t  4 ,  b u t  
less t h a n  i n  5, and t h e  s p e c i e s  d i v e r s i t y  was r e l a t i v e l y  low w i t h  23 
s p e c i e s  i n  y e a r  9 .  
These d i f f e r e n c e s  i n  r a t e  of i nvas ion  can be explained by almos,t 
t h e  same f a c t o r s  t h a t  were d i scussed  f o r  t h e  d i r e c t i o n a l  i n f luence  of 
i n v a s i o n  p a t t e r n s  observed. 
S u b s t r a t e  coo l ing ,  d i sseminule  supply and l i f e  form.--The two- 
three-year  de l ay  i n  p l a n t  i nvas ion  i n  h a b i t a t  2 was a l r eady  explained a s  
be ing  p r i m a r i l y  t h e  r e s u l t  of t h e  slow coo l ing  of t he  c inde r  cone. The 
d i v e r s i t y  i n  yea r  9 . w a s  a l s o  r e l a t e d  t o  t he  l a t e  s tart  o 
p l a n t  i nvas ion .  I n  t ime, s p e c i e s  d i v e r s i t y  w i l l  probably i n c r e a s e  and 
become s i m i l a r  t o  t h a t  of h a b i t a t s  1 and 3 .  The f a s t  r a t e  of i nvas ion  
i n  h a b i t a t  3 was r e l a t e d  t o  the  absence of such a l i m i t i n g  f a c t o r  a s  
v o l c a n i c  h e a t i n g  from below. But t h i s  was a l s o  t r u e  f o r  h a b i t a t s  4 ,  5 
and 6; A major factor in habitat 3 was the nearby seed source and the 
favorable microhabitats provided by the tree snags. The fast cover 
increase was a function of the rapidly growing exotic woody seed plants 
and grasses that covered more surface area than the other pioneer life 
forms, such as the algae, mosses, ferns and seedlings of Metrosideros 
trees and native shrubs. The samewhat faster invasion rates in habitats 
5 and 6 as compared to 4 and 2 are also related to invasion of exotics 
and their growth characteristics. 
This brings up the question of disseminule supply. This factor 
was not measured in this study because of technical difficulties and 
lack of time. It was somewhat equalized, however, by layout of the 
transect system (FIG. 2). As mentioned above, in habitat 3, disseminule 
supply was undoubtedly an important factor. Also, habitat 1 adjoined an 
intact rain forest that surrounded the.crater rim. However, because of 
the substrate-heat gradient on the crater floor, a disseminule-supply 
gradient from the margin inward was probably only a minor contributory 
factor here. 
An approximate equalization of the disseninule-supply factor 
existed among habitats 2, 4, 5 and 6 that were cut by transect AA' 
(FIG. 2). This equalization is supported by the observation that there 
was no directional invasion noted in the transect quadrats. Transect 
AA' is about equidistant from the undi3turbed rain and seasonal fo-sts- - 
to the east of the study area. An additional disseminule supply 
developed later in habitats 5 and 6 through sexual reproduction of 
surviving native trees and shrubs. The lateral transects BB' in 
. habitat 2 and DD' and C C '  in habitat 4,  which were closer to a surviving 
seed source, can be considered to have counterbalanced the disseminule- 
supply factor aqong the habitats. Therefore, we may assume that this 
factor did not enter significantly into the invasion differences noted 
among habitats 2, 4, 5 and 6. However, there is another factor that 
needs special consideration. This is the availability of micro- 
habitats favorable for invasion. 
Availability of microhabitats.--The relatively fast rate of invasion 
of mosses, ferns and seed plants on the Kilauea crater floor, which 
seemed to be limited only by the cooling rate of the lava surface, was 
undoubtedly related to the large number of favorable microhabitats. 
These were on the lava floor primarily the joint cracks and crevices 
disrupting the smooth and solid pavement-like rack surfaces. 
The factors involved in rendering the lava floor fissures to be 
favorable microhabitats are several. The more moderate surface 
temperature as compared to the flat surfaces was already emphasized. 
Another factor was undoubtedly the added precipitation moisture. As 
mentioned earlier, after rain showers, vapor steaming was vigorous from 
most cracks. A certain amount of this vapor was thought to condense 
directly at the fissure-sides where the mosses and ferns became estab- 
lished. This factor is extremely difficult to measure directly, but 
a certain idea of the added quantity of both, vapor steaming and rain 
falling at an angle during winds, was obtained by the paired rain- - 
gauges established on the crater floor during 1967 and 1968. The values 
shown in TABLE 14 are for 1968 only to save space and to allow for ready 
comparison with the Kau Desert (habitat 6) values in TABLE 13. 
By comparing the two tables, it can be seen that the relative 
TABLE 14.  Monthly p r e c i p i t a t i o n  rece ived  i n  two sets of  
p a i r e d  r a i n  gauges on t h e  Kilauea c r a t e r  f l o o r  i n  1968 
( t r a n s e c t s  a and b ) .  One gauge equipped wi th  
Grunow fog - in t e r cep to r  ( f ) .  
Gauge l a b e l s  i d e n t i f y i n g  t r a n s e c t s  on FIG. 2 
. Month a a f a f  /a c c f c f / c  
(mm) ( m d  (md ( m d  
March 134. 2 199.1 1.5 124.8 185.1 1.5 
A p r i l  623.2 745.8 1 .2  570.5 699.5 1 .2  
June  226.3 348.3 1 . 5  196.6 285.9 1 .5  
J u l y  140.7 209.2 1 . 5  130.2 182.5 1.4 
August 97.7 165.8 1 .7  92.8 150.1 1.6 
September 97.0 139.4 1 .4  93.8 140.0 1 . 5  
October  151.8 169 .1  1.1 143.8 172.3 1 . 2  
November 111.7 122.4 1.1 101.4 108.3 ' 1.1 
December 523.9 646.5 1 . 2  457.1 575.1 1 . 3  
T o t a l s  2246.1 3004.1 - 2041.7 2743.8 - 
Means 
amounts of  added p r e c i p i t a t i o n  i n  t h e  i n c e p t o r  gauges were no t  ve ry  
d i f f e r e n t  i n  h a b i t a t s  1 and 6. However, t h e  a c t u a l  amounts of 
p r e c i p i t a t i o n  p e r  month were about 50 t o  80 mm more i n  h a b i t a t  1. The 
in te rceptor -gauge  r e s u l t s  do no t  s e p a r a t e  t h e  amounts con t r ibu ted  by 
d r i v i n g  r a i n  and vapor steaming. However, from genera l  obse rva t ions ,  
i t  can be s a i d  t h a t  t h e  amount added i n  h a b i t a t  6 i s  e n t i r e l y  from 
d r i v i n g  r a i n .  I n  h a b i t a t  1, which was i n  a  deep wind-sheltered 
d e p r e s s i o n  where r a i n s  would descend more v e r t i c a l l y ,  t he  amount added 
was probably  most ly from vapor s teaming.  Thus, vapor-steam 
p r e c i p i t a t i o n  may have added some mois ture  t o  those j o i n t  c racks  where 
t h e  s i d e s  of  t h e  rock  s h e e t s  j u t t e d  h i g h e r  from the  ground. Vapor 
steam was a l s o  b e l i e v e d  by Doty (1967b) t o  be  a  major f a c t o r  i n  
ma in t a in ing  p ionee r  p l a n t  popula t ions  on new l ava  flows. However, a  
p a r t i c u l a r  c o n c e n t r a t i o n  p a t t e r n  of p l a n t s  a t  such cracks  was no t  
observed.  Another mois ture-concent ra t ion  e f f e c t  was probably much more 
impor tan t  on t h e  l a v a  f l o o r  h a b i t a t .  This  would be t h e  l a t e r a l  run-off 
of p r e c i p i t a t i o n  wa te r  fo l lowing  i t s  descendence on the  s o l i d  pavement 
p i e c e s  of t h e  l ava .  These pavement p i e c e s  must have ac ted  l i k e  i n v e r t e d  
funne l s  adding  t o  a g r e a t e r  water  supply  i n  t h e  f i s s u r e s .  Since t h e r e  
was  no s i g n i f i c a n t  wa te r  s t o r a g e  c a p a c i t y  f o r  p l a n t  growth i n  t h e  l a v a  
rock  i t s e l f ,  t h e  added l a t e r a l  seepage a f t e r  r a i n s  and i t s  temporary 
t r app ing  i n  
- - - 
rock f l a k e s  had become t rapped ,  was probably the  most important  environ- 
mental  f a c t o r  i n  f i l l i n g  t h e s e  f i s s u r e s  w i th  p l a n t s .  Yet ,  a f t e r  a  
r e l a t i v e l y  
t h e  c r a t e r  
f a s t  advance of t h e  f e r n s  and n a t i v e  woody seed p l a n t s  towards 
c e n t e r ,  t h e  cover  of t h e s e  p l a n t s  was s t i l l  r a t h e r  
i n s i g n i f i c a n t  i n  y e a r  9 .  The reason  f o r  t h i s  was t h a t  they remained 
conf ined  t o  t h e  f i s s u r e s  throughout t h i s  observa t ion  per iod .  The 
i n v a s i o n  of p l a n t s  w i th  r o o t  systems on to  t h e  l ava  rock ' su r f aces  w i l l  
p robably  t a k e  a very  long time. I t  r e q u i r e s  some accumulation of 
p a r t i c u l a t e  m a t e r i a l  and probably a  r educ t ion  i n  s u r f a c e  temperature 
maxima. 
The c i n d e r  cone h a b i t a t  was a l s o  c r i ss -c rossed  by s u r f i c i a l  
f i s s u r e s .  Here, l a t e r a l  seepage was probably l e s s  important .  However, 
many f i s s u r e - p r o f i l e s  showed a cemented l a y e r  w i t h i n  50 cm beneath the  
upper l o o s e  rubb le  of c i n d e r  and ash .  This  cemented sublayer  may have 
a c t e d  s i m i l a r l y  as t h e  l a v a  rock by channel l ing  r a i n  water  l a t e r a l l y  t o  
t h e  f i s s u r e s ,  because most mosses, f e r n s  and seed p l a n t s  became 
e s t a b l i s h e d  i n  t h e  f i s s u r e s .  
Tree  molds,  such a s  shown on FIG. 26, were c h a r a c t e r i s t i c  micro- 
h a b i t a t s  i n  t h e  spa t te r -wi th-snags  h a b i t a t  (No. 3 ) .  These were a l s o  
p r e f e r e n t i a l l y  invaded where the  snags had f a l l e n  r i g h t  a f t e r  s p a t t e r  
d e p o s i t i o n .  Such t r e e  molds d i d  no t  r e c e i v e  added mois ture  by e i t h e r  
seepage  o r  i n t e r c e p t i o n .  I n  most t r e e  molds, f e r n s  and mosses became 
e s t a b l i s h e d  on t h e  s i d e  of the  w a l l s  below t h e  genera l  s u r f a c e  of t he  
h a b i t a t  o r  even on t h e  bottom of t he  mold. Shading and wind p r o t e c t i o n  
and t h u s  conse rva t ion  of mo i s tu re ,  b u t  a l s o  lower s u r f a c e  temperature 
m a x i m a ,  w e r e  probably t h e  main f a c t o r s  t h a t  ma - 
f a v o r a b l e  f o r  f e r n  and moss invas ion .  Seed p l a n t s  were found most ly 
a t  t h e  molds w i t h  s t and ing  snags ,  o r  where t h e  snags had f a l l e n  long 
a f t e r  t h e  s e e d l i n g s  had become e s t a b l i s h e d .  I n  s e v e r a l  such cases  where 
t h e  snags  had f a l l e n ,  t h e  t a l l e r  Buddleja  i nd iv idua l s  d ied  back. This  
L. 
d ieback  phenomenon is  shown on FIG. 25.3. It was most probably r e l a t e d  
t o  edaph ic  drought .  
Depres s iona l  m i c r o h a b i t a t s ,  such a s  c racks  and molds were found 
o n l y  i n  t h e  f i r s t  t h r e e  h a b i t a t s .  H a b i t a t s  4 ,  5 and 6 had g e n e r a l l y  
smooth, even s u r f a c e s  covered wi th  pumice. I n  the  pumice-with-snags 
h a b i t a t  (No. 4 ) ,  seed  p l a n t  and f e r n  invas ion  was decidedly a s s o c i a t e d  
w i t h  t h e  s t a n d i n g  snags.  Here, t h e  added p r e c i p i t a t i o n  moisture from 
i n t e r c e p t i o n  was undoubtedly t h e  main f a c t o r .  The invas ion  p a t t e r n  i n  
h a b i t a t  5 (pumice w i t h  s u r v i v i n g  t r e e s )  seemed more haphazard than i n  
any o t h e r  of t h e  s i x  h a b i t a t s .  Some Rubus shrubs  became e s t a b l i s h e d  
a t  tree b a s e s ,  b u t  o t h e r s  invaded t h e  spaces  between t h e  t r e e s .  
Accumulation of l e a f  l i t t e r  was noted under t h e  l a r g e r  su rv iv ing  t r e e s  
i n  y e a r  7 and 9 ( s e e  FIG. 12 .4 ) ,  b u t  t h i s  d i d  no t  seem t o  have any 
s p e c i f i c  i n f l u e n c e  on p l a n t  i nvas ion  i n  yea r  9 .  In  h a b i t a t  6 ,  i nvas ion  
of new p l a n t s  was somewhat concent ra ted  around surv iv ing  shrubs  b u t  a l s o  
t h e  open b a r r e n  s u r f a c e  became invaded by a  few s c a t t e r e d  sedge 
( B u l b o s t y l i s  c a p i l l a r i s )  and g r a s s  (Andropogon v i r g i n i c u s  and Rhynchelytrum 
repens)  i n d i v i d u a l s .  Thus, i n  g e n e r a l ,  i nvas ion  p a t t e r n s  a s soc i a t ed  
w i t h  r ecogn izab le  mic rohab i t a t s  decreased  wi th  the  s e v e r i t y  of t h e  
v o l c a n i c  d i s t u r b a n c e .  
C l i m a t i c  gradient . - -Contrary t o  a n  i n i t i a l  hypothes is ,  t h e  
c  - g r a d i e n t  had very  l i t t l e  i n f l u e n c e  on the  i n v a s i o n p a t _ t e r n s i n  - - 
t h e  "Devas ta t ion  Area." I f  t h e r e  had n o t  been an edaphic h e a t  g rad ien t  
on t h e  Ki l auea  c r a t e r  f l o o r ,  t h e  e s t ab l i shmen t  of mosses, f e r n s  and seed 
p l a n t s  i n  t h e  j o i n t  c racks  and f i s s u r e s  would probably have been 
haphazard ove r  t h e  e n t i r e  f l o o r  t o  beg in  wi th .  Then a l s o ,  t h e  invas ion  
rate may 
c l i m a t i c  
( h a b i t a t  
v o l c a n i c  
have  been cons ide rab ly  f a s t e r  than  a t  t h e  d r i e r  end of t h e  
g r a d i e n t .  The same cannot be  s a i d  f o r  the  c inde r  cone 
2). El imina t ion  of t h e  i n v a s i o n  de lay  caused by the  prolonged 
h e a t i n g  showed t h a t  t h e  i n v a s i o n  r a t e  on the  cone a f t e r  coo l ing  
was n o t  f a s t e r  than  i n  h a b i t a t  4. The invas ion  r a t e s  i n  h a b i t a t  5  and 
6 were a l s o  n o t  s lower than  those  i n  h a b i t a t  4 .  Therefore,  t he  e f f e c t  
of  d e c r e a s i n g  r a i n f a l l  and i n c r e a s i n g  d e s i c c a t i n g  power along t r a n s e c t  
AA' (Nil t o  SE) w a s  counterbalanced by t h e  in f luence  of t he  mic rohab i t a t s  
d e s c r i b e d  b e f o r e .  
However, a  c e r t a i n  f l o r i s t i c  v a r i a t i o n  w a s  c o r r e l a t e d  wi th  t h e  
c l i m a t i c  g r a d i e n t .  Th i s  was t h e  appearance of a  few p ioneer  seed p l a n t s  
i n  t h e  upper  Kau Dese r t  h a b i t a t  (6)  which d i d  no t  appear i n  t h e  moi s t e r  
zone. These were Rumex g i g a n t e u s ,  Rhynchelytrum repens and B u l b o s t y l i s  
c a p i l l a r i s .  Moreover, a  few r a i n  f o r e s t  a s s o c i a t e d  p ioneers  d i d  n o t  
e n t e r  h a h i t a t  6 ,  such a s  Hedyotis cen th ran tho ides ,  P ip tu rus  a l b i d u s ,  
Vaccinium calycinum and t h e  e x o t i c s  Eupatorium r ipar ium and Paspalum 
d i l a t a t u m .  From a n  is land-wide d i s t r i b u t i o n  s tudy of g ra s ses  on Oahu, 
Rhynchelytrum repens  i s  known t o  b e  a s s o c i a t e d  wi th  seasonal  c l ima te s  
(Kar tawina ta  and Mueller-Dombois 1972).  
Probable  r ea sons  f o r  observed l i f e  form es tab l i shment  sequences 
Th_e recorded  e s t ab l i shmen t  sequences of e i g h t  l i f e  form groups are 
summarized by h a b i t a t  i n  TABLE 15. The term "establ ishment"  r a t h e r  than  
I I a r r i v a l "  i s  used h e r e  because t h e r e  were two cases  when a  herbaceous 
seed  p l a n t  s p e c i e s  a r r i v e d  and then  d isappeared .  Such t r a n s i e n t  
c o l o n i z e r s  a r e  no t  inc luded  i n  TABLE 15  and the fol lowing d i scuss ion .  
TABLE 15.  Summary of establishment sequences of p l a n t  l i f e  
forms i n  the  s i x  h a b i t a t s .  Consis tent  pa t t e rns  
a r e  blocked out .  
Habitat  
L i f e  form 1 2 3 4 5 6 
Algae 1st 1st 1st 1st 1st 1st 
Mosses 
Lichens 
Ferns 1st 2nd 1st 1st 1st 2nd 
Native woody seed p l a n t s  
Exot ic  woody seed p l a n t s  
Grasses  o r  sedges 
Forbs 
*Seedlings of su rv iv ing  woody p l a n t s .  
Algae were always t h e  f i r s t  t o  become e s t a b l i s h e d  on the  new 
v o l c a n i c  s u r f a c e s .  Lichens were never  t h e  f i r s t ,  and i n s t e a d  a r r i v e d  
c o n s i s t e n t l y  a s  t h e  second l i f e  form. Mosses and f e r n s  became 
e s t a b l i s h e d  e i t h e r  f i r s t  t oge the r  w i th  t h e  a l g a e  o r  they a r r i v e d  as t h e  
second cryptogamic l i f e  form group toge the r  wi th  t h e  l i chens .  On t h e  
two h a b i t a t s  w i t h  no remains of a n  earlier v e g e t a t i o n  (L.z., on t h e  
c r a t e r  f l o o r ,  No. 1 and t h e  c inde r  cone, No. 2 ) ,  n a t i v e  woody seed 
p l a n t s  were t h e  t h i r d  l i f e  form t o  a r r i v e  and e x o t i c  woody and herbaceous 
p l a n t s  a r r i v e d  l a s t .  On h a b i t a t s  3 ,  4 and 5 ,  which showed remains of 
t h e  former Metros ideros  f o r e s t s ,  e x o t i c  woody and herbaceous p l a n t s  
were among t h e  f i r s t  l i f e  forms t o  become e s t a b l i s h e d .  
The c o n s i s t e n t  f i r s t  a r r i v a l  of a l g a e  suppor ts  ~ o t y ' s  (1967b) 
earlier o b s e r v a t i o n  on t h e  1955 Puna l a v a  flow. On the  Kilauea c r a t e r  
f l o o r ,  a.lgae c o l o n i e s  were observed t o  occupy both ,  t h e  c r ev ices  and 
s u r f a c e s  of t h e  pahoehoe l a v a  s h e e t s .  On the  l a t t e r ,  t h e r e  was no 
o t h e r  macroscopic p l a n t  l i f e  form u n t i l  a r r i v a l  of t he  l i chens .  During 
t h e  e n t i r e  obse rva t ion  per iod ,  t h e  l a v a  rock s u r f a c e s  were occupied only  
by t h e s e  two l i f e  forms and t h e r e  w a s  no obvious i n t e r a c t i o n  wi th  any 
of t h e  o t h e r  p l a n t  l i f e  forms. 
The r eason  f o r  t h e  f i r s t  a r r i v a l  of a l g a e  was not i n v e s t i g a t e d .  
But ,  a s  sugges ted  a l r e a d y  by o t h e r  i n v e s t i g a t o r s  (Treub 1888, Doty 1961, 
- 
1967b), t hey  c a a  probably grow on t+e vo lcan ic  su r f aces  ~ h e ~ o r g a n i c  
n i t r o g e n  l e v e l s  a r e  s t i l l  too  low f o r  o t h e r  p l a n t  l i f e  forms. A s  
i n d i c a t e d  on t h e  c r a t e r  f l o o r ,  t h e  a l g a e  a l s o  seem t o  have a  g r e a t e r  
t o l e r a n c e  t o  h i g h  temperatures  than  t h e  o t h e r  l i f e  forms, except  the 
l i c h e n s .  
The r e a s o n s  f o r  t h e  c o n s i s t e n t l y  l a t e r  a r r i v a l  of l i c h e n s  is worth a  
thorough i n v e s t i g a t i o n .  The exp los ive ,  non-d i rec t iona l  i nvas ion  p a t t e r n  
of t h e  l i c h e n  S te reocau lon  v o l c a n i  sugges t s  t h a t  t h i s  l i c h e n  may be  
formed on t h e  new l a v a  s u r f a c e s  i n  s i t u  by the  jo in ing  of an a l g a  and 
fungus.  Observa t ions  on a  number of r e c e n t  l a v a  flows show a  g e n e r a l l y  
uniform d i s t r i b u t i o n  p a t t e r n  of S tereocaulon .  I f  t h i s  l i c h e n  was 
e s t a b l i s h e d  from small wind-carr ied p i e c e s  of l i c h e n  t h a l l i ,  one would 
expec t  some i n d i c a t i o n  of a  d i r e c t i o n a l  i nvas ion  p a t t e r n  r e l a t e d  t o  t he  
l o c a t i o n  of a major d isseminule  sou rce .  Moreover, t he  l i c h e n - i n i t i a l s  
observed  under  t h e  microscope, a l l  had t h e  same t i n y  (1-2 mm) globose  
t h a l l u s .  One would no t  expec t  wind-transported t h a l l u s  fragments t o  b e  
of such uniform s t r u c t u r e .  S ince  l i c h e n s  a r e  known t o  be  extremely 
s e n s i t i v e  t o  t o x i c  subs t ances ,  t h e i r  delayed a r r i v a l  may a l s o  b e  l i n k e d  
t o  t h e  removal by r a i n  water  of l i c h e n  i n h i b i t o r s  from new raw v o l c a n i c  
m a t e r i a l s .  Such m a t e r i a l s  could ,  f o r  example, be t r a c e s  of s u l f u r o u s  
p r e c i p i t a t e s .  I n  c o n t r a s t  t o  a l g a e ,  mosses and f e r n s ,  l i chens  were 
never  found a t  fumaroles  o r  i n  t he  pathway of vapor-steam. 
The g e n e r a l l y  subsequent  a r r i v a l  of mosses and f e r n s  a f t e r  the  
a l g a e  may on ly  b e  an  a r t i f a c t ,  i n s o f a r  a s  both mosses and f e r n s  develop 
from gametophytes.  The protonema of mosses look l i k e  a lgae  and thus  
were n o t  s e p a r a t e l y  recognized.  The f e r n  gametophytes a r e  a l s o  e a s i l y  
overlooked.  Only t h e  sporophyte gene=ra t ions  of mosses and f e r n s  we 
recorded  i n  t h i s  s tudy .  
It is  i n t e r e s t i n g  t h a t  n a t i v e  woody seed p l a n t s  were the  t h i r d  l i f e  
form group t o  a r r i v e  on t h e  t o t a l l y  new primary h a b i t a t s  ( 1  and 2 ) .  They 
a r e  t y p i c a l l y  s c l e r o p h y l l o u s  p l a n t s  ( i . e . ,  Ye t ros ide ros ,  Dubautia,  e t c . )  
s t a t i n g  t h a t  l i c h e n s  were t h e  f i r s t  l i f e  forms on x e r i c  rock s u b s t r a t e s .  
These were t o  b e  fol lowed by mosses and these  i n  t u r n  by herbaceous 
p l a n t s .  Woody p l a n t s  were not  recognized i n  t h e  e a r l y  pioneer  sequence. 
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~emerrts r e ~ c r g n l z e  r e  rorm sequences a s  r e a l  
v e g e t a t i o n  types  o r  s e r a 1  s t a g e s .  However, he  a l s o  s t a t e d  (1916: 84) 
t h a t  on sedimentary rocks  i n  c l ima te s  w i t h  moist  growing seasons ,  the  
p ionee r s  a r e  most ly mosses and l i v e r w o r t s  t h a t  a r e  o f t e n  preceded by 
t h a t  i n d i c a t e  a xe rophy t i c  adap ta t ion .  These n a t i v e  woody p l a n t s  can 
probably  s u r v i v e  under more seve re  water  s t r e s s  cond i t i ons  than t h e  
e x o t i c  woody p l a n t s  t h a t  appeared a s  t h e  main p ionee r s  ( ~ u d d l e j a  and 
Rubus s p e c i e s )  i n  h a b i t a t s  3 ,  4 and 5.  This  a l s o  a p p l i e s  t o  the  
herbaceous p l a n t s  ( g r a s s e s  and f o r b s )  t h a t  were among the  l a s t  major 
l i f e  forms t o  a r r i v e  on these  t o t a l l y  new m a t e r i a l s .  Somewhat more 
mesic  c o n d i t i o n s  develop s lowly on the  new l a v a  f lows by entrappments 
of chipped-off rock  f l a k e s ,  d u s t  and l i t t e r  i n  t h e  c r ev ices .  This  
obse rva t ion  was p a r t i c u l a r l y  s t r e s s e d  by Eggler (1941, 1971).  
I n  c o n t r a s t ,  t h e  e x o t i c  woody and herbaceous p l a n t s  were among the  
f i r s t  i nvade r s  on t h e  h a b i t a t s  t h a t  contained remnants of t he  former 
Metros ideros  f o r e s t s .  A s  expla ined  b e f o r e ,  h e r e  t he  snags provided 
l o c a l l y  more f a v o r a b l e  mo i s tu re  cond i t i ons  t h a t  undoubtedly made i t  
p o s s i b l e  f o r  t h e s e  a l i e n s  t o  a r r i v e  on t h e  o therwise  x e r i c  s u b s t r a t e s .  
The sequence of l i f e - fo rm es tab l i shment  a s  shown i n  TABLE 15 does 
n o t  comply w i t h  Clements '  (1916) r eco rds  of l i f e  form invas ion  sequences.  
H i s  obse rva t ions  have dominated textbooks f o r  many yea r s .  Clements gave 
h i s  own o b s e r v a t i o n s  and quoted those  of s e v e r a l  o t h e r  i n v e s t i g a t o r s  
a lgae .  Yet ,  h e  maintained t h a t  p l a n t  l i f e  begins wi th  c r u s t o s e  l i chens  
o n  igneous rocks .  It must b e  remembered t h a t  a l l  of Clements' 
o b s e r v a t i o n s  r e l a t e  t o  t h e  temperate zone, and d i f f e r e n c e s  a r e  t o  b e  
expec ted .  For  example, t h e  presence of a f e r n  s t a g e  seems t o  be 
uniquely  t r o p i c a l  ( s e e  a l s o  Keay 1959).  Ferns and l i c h e n s  dominate t he  
cryptogamic s t a g e  i n  Hawaii. 
TABLE 15 shows t h a t  a n  a l g a l  s t a g e  may be  recognized.  But 
t h e r e a f t e r ,  t h e r e  is  no s i n g l e  l i f e  form s t a g e .  One may speak merely of 
a cryptogamic s t a g e .  It is a l s o  s i g n i f i c a n t  t h a t  on m a t e r i a l s  wi thout  
remnants of a former v e g e t a t i o n ,  woody p l a n t s  appear d e f i n i t e l y  b e f o r e  
herbaceous p l a n t s .  Th i s  c o r r e l a t e s  wi th  the  p a t t e r n  of evo lu t ion  of t h e s e  
life forms. Although t h e r e  may be  no l o g i c a l  r e l a t i o n s h i p  between present -  
day pr imary i n v a s i o n  and p l a n t  l i f e  form evo lu t ion  i n  the  phylogenet ic  s ense .  
. 
On new v o l c a n i c  s u r f a c e s  i n  Hawaii, one may, t h e r e f o r e ,  recognize 
f o u r  s t a g e s :  
1. a n  a l g a l  s t a g e ,  which may form the  s o l e  s t a g e  f o r  one year  i n  
t he  humid c l i m a t e ,  
2. a cryptogamic s t a g e ,  which may remain a s  such f o r  two a d d i t i o n a l  
y e a r s ,  
3. a n a t i v e  woody seed p l a n t  s t a g e ,  which inc ludes  the  former l i f e  
forms, and which may l a s t  one more y e a r ,  and 
4. a s t a g e  i n  which e x o t i c  woody and herbaceous p l a n t s  become 
Th i s  a p p l i e s  o n l y  t o  new vo lcan ic  s u r f a c e s  of l a v a  o r  ash without  
remnants of a former v e g e t a t i o n  and t o  humid c l ima te s .  No such s t a g e s  
could  b e  observed on t h e  vo lcan ic  m a t e r i a l s  wi th  former vege ta t ion  
remnants.  Here e x o t i c  seed p l a n t s  were among the  f i r s t  pioneer  l i f e  
forms. 
F a c t o r s  i n f luenc ing  p l a n t  s u r v i v a l  
Depth and n a t u r e  of p y r o c l a s t i c  deposit.--As expected,  t h e  
s u r v i v a l  of o r i g i n a l  p l a n t s  decreased wi th  i n c r e a s i n g  depth of t h e  
p y r o c l a s t i c  d e p o s i t s .  But t h e r e  were g r e a t  d i f f e r e n c e s  i n  s u r v i v a l  w i t h  
r e s p e c t  t o  t h e  k ind  of p y r o c l a s t i c  d e p o s i t .  Metrosideros t r e e s  surv ived  
under  a pumice b l a n k e t  s l i g h t l y  deeper  than  2.5 m i n  h a b i t a t  5. I n  
h a b i t a t  3 a l l  Me t ros ide ros  t r e e s  were s e v e r e l y  damaged by the  glowing-hot 
s p a t t e r  t h a t  became welded upon depos i t i on .  Where t h e  o r i g i n a l  s u r f a c e  
was covered w i t h  l e s s  t han  10  cm of s p a t t e r ,  t r e e s  recovered f a s t ,  b u t  
only few su rv ived  of t hose  bu r i ed  under s p a t t e r  deeper  than  10 cm. I n  
t h i s  h a b i t a t ,  s u r v i v i n g  t r e e s  resprouted  only  from t h e  base  and recovery 
occurred  merely up t o  a spa t t e r -dep th  of about  50 cm. A s  mentioned 
p r e v i o u s l y ,  t h e  b a s a l  s p r o u t i n g  was probably p o s s i b l e  only because of 
small spaces  t h a t  developed a t  t he  c o n t a c t  zone between the  s p a t t e r  and 
t h e  damaged b a s a l  stem. Th i s  permi t ted  water  p e n e t r a t i o n  from stem 
runoff  i n t o  t h e  t r e e  molds and gaseous exchange. I n  h a b i t a t  3 ,  none of 
t h e  s u r v i v i n g  trees showed a e r i a l  r o o t s .  
I n s t e a d ,  a e r i a l  r o o t  development was seen  only  on s u r v i v a l  t r e e s  i n  
h a b i t a t  5 t h a t  were b u r i e d  under pumice deeper  than  20 cm. The s i g n i f i -  
cance of t h i s  a e r i a l  r o o t i n g  is  a s  y e t  unknown. I f  i t  were r e a l l y  
e s s e n t i a l  f o r  s u r v i v a l ,  one could expect  i t  t o  have occurred on a l l  
50 cm, p a r t i c u l a r l y  on t h o s e  su rv iv ing  under t h e  deepes t  d e p o s i t s  >2.5 m.  
S i z e  of plant . - -Trees t h a t  surv ived  i n  t h e  s p a t t e r  a r e a  had 
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r e l a t i v e l y  l a r g e  b a s a l  d iameters  of 20 cm o r  more. An important  s u r v i v a l  
f a c t o r  a s s o c i a t e d  w i t h  s i z e  was probably an  e p i p h y t i c  moss l a y e r  
su r round ing  t h e  s t e m  base .  Also under t he  pumice only t h e  l a r g e r  t r e e s  
su rv ived  t h e  deeper  d e p o s i t  a s  seen  on FIG. 12 .1  t o  12.4. Smaller 
d i ame te r  Metros ideros  t r e e s  su rv ived  under t he  shal lower pumice b l a n k e t .  
I n  h a b i t a t  6 ,  a l l  i n d i v i d u a l s  were sma l l  and a l l  survived.  Eggler (1948) 
found on E l  P a r i c u t i n  t h a t  p ine  t r e e s  of in te rmedia te  s i z e  surv ived  b e s t  
under an  a s h  b l a n k e t .  This  obse rva t ion  does not  n e c e s s a r i l y  c o n t r a s t  
w i t h  t h e  one h e r e  where t h e  l a r g e s t  t r e e s  were seen t o  be  t h e  b e t t e r  
s u r v i v o r s .  Very l a r g e  and o l d  Metros ideros  t r e e s  d id  not  occur  i n  t h e  
s t u d y  a r e a .  Such i n d i v i d u a l s  may have a  decreased s u r v i v a l  capac i ty .  
However, no p r e d i c t i o n  can b e  made from t h e  present  observa t ions .  
Vege ta t ive  regrowth capacity.--The observa t ion  t h a t  a l l  su rv iv ing  
trees i n  t h e  a r e a  recovered only  when t h e i r  t runks were bu r i ed  t o  l e s s  
t h a n  h a l f  t h e i r  h e i g h t ,  s t a n d s  i n  c o n t r a s t  t o  t he  s u r v i v a l  capac i ty  of 
t h e  o t h e r  p l a n t  l i f e  forms, t h e  shrubs .and  herbs  t h a t  surv ived  t h e  b u r i a l .  
S e v e r a l  of  t h e  n a t i v e  shrubs  and he rbs  survived under t h e  pumice 
l a y e r  even where t h e i r  e n t i r e  shoo t  system had been broken o f f  o r  b u r i e d .  
Th i s  was p a r t i c u l a r l y  t r u e  f o r  t h e  n a t i v e  shrubs Vaccinium re t icu la turn ,  
Dubautia  s c a b r a ,  S typhe l i a  tameiameia and Coprosma ernodeoides.  But t h i s  
i nc luded  a l s o  a  few shrub- l ike  i n d i v i d u a l s  of Metrosideros polymorpha i n  
t h e  upper  Kau Dese r t  ( h a b i t a t  6 ) .  Vegeta t ive  regenera t ion  from a  b a s a l  
remnant o r  r o o t  system is  probably a  c h a r a c t e r i s t i c  f o r  most shrubs.  
But i n  t h e  Hawaiian forms mentioned, i t  may a l s o  be an evolu t ionary  
a d a p t a t i o n  t o  t h i s  kind of vo lcan ic  damage. Among t h e  herbaceous l i f e  
forms, most of t h e  s u r v i v o r s  were p l a n t s  wi th  underground s t o r a g e  organs.  
These p l a n t s  were h e r e  def ined  a s  geophytes i n  s p i t e  of t h e i r  no t  
- n e c e s s a r i l y  reducing  t h e i r  shoot  system i n  a  seasonal  rhythm a s  do the  
typical temperate- and arid-zone geophytes. This group of damage- 
adapted geophytes included native species, such as Astelia menziesiana 
(which grows usually as an epiphyte in older rain forests), Dianella 
sandwicensis , Polypodium pellucidurn, Pteridium decompositum as well as 
several exotics, Spathoglottis plicata, Hedychium coronarium and 
Tritonia crocosmaefolia. Among the herbaceous survivors were also a 
few chamae-hemicryptophytes, such as the native sedges Machaerina 
angustifolia and Gahnia gahniaeformis. These plants survived usually by 
regrowth from remnant shoot systems. 
Primary community formation 
According to Poore (1964), most ecologists agree that a stand of 
plants to qualify as a community must show some form of integration. 
The kinds of developing integration observed on the new volcanic 
habitats may be discussed under two subheadings, plant aggregation, and 
complementation and competition. 
Plant aggregation.--Initially, invading plants tended to occur as 
scattered individuals. But as soon as these first individuals were 
established, other plant individuals tended to become established next 
to them. Therefore, aggregation was noticed as an early pattern of 
plant invasion. This is quite understandable in view of the presence 
c t a t  5 '  
On the crater floor (habitat l), the joint cracks and crevices became 
occupied by algae, mosses and ferns. Soon after one fern individual 
was noticed, others became established in the same crevices. Often it 
was difficult to distinguish fern individuals of Nephro1epi.s - exaltata, 
because  new f r o n d s  developed r e l a t i v e l y  qu ick ly  from t h e  extending 
rhizomes. It was p e c u l i a r  t o  observe i n  many i n s t a n c e s  t h a t  one c r e v i c e  
became w e l l  occupied w i t h  a l g a e ,  mosses, f e r n s  and n a t i v e  woody seed 
p l a n t s ,  w h i l e  a n o t h e r  a d j a c e n t  c r e v i c e ,  which looked i d e n t i c a l  i n  a l l  
a s p e c t s ,  remained vacan t .  Such vacant  c r e v i c e s  were s t i l l  found i n  
y e a r  9 ,  w h i l e  o t h e r s  were crowded wi th  i n d i v i d u a l s  of a l l  above mentioned 
l i f e  forms. This  phenomenon seems t o  i n d i c a t e  t h a t  a favorable  event  
must have f a c i l i t a t e d  t h e  es tab l i shment  of a p ioneer  i n d i v i d u a l  o r  group. 
These, i n  t u r n  through t h e i r  own es t ab l i shmen t ,  must have improved t h e  
moi s tu re  r e l a t i o n s  i n  t h e  c r e v i c e  s o  t h a t  o t h e r ' p l a n t  i n d i v i d u a l s ,  
p a r t i c u l a r l y  seed  p l a n t s ,  found an  e a s i e r  en t r ance  t o  t he  microhabi ta t .  
However, Met ros ideros  s e e d l i n g s  were observed t o  grow wi thout  o t h e r  
p l a n t  l i f e  forms i n  c e r t a i n  c r e v i c e s  where rock-f lakes had accumulated. 
Th i s  shows t h a t  t h e  presence  of cryptogams was not  necessary  f o r  seed 
p l a n t s  t o  become e s t a b l i s h e d .  What was necessary  was merely a somewhat 
improved r e t e n t i o n  of p r e c i p i t a t i o n  water  i n  t he  c r e v i c e s  t o  s a t i s f y  t h e  
minimum wa te r  requi rements  f o r  es tab l i shment  of n a t i v e  seed p l a n t s .  
P l a n t  agg rega t ions  developed i n  h a b i t a t  3 a t  t h e  t r e e  molds, and 
l a r g e r - s i z e d  aggrega t ions  developed around the  snags and su rv iv ing  t r e e s .  
A similar snag-assoc ia ted  aggrega t ion  p a t t e r n  developed i n  h a b i t a t  4 .  
I n  h a b i t a t  6 (Kau D e s e r t )  p l a n t  aggrega t ion  was a l s o  q u i t e  pronounced 
r e l a t i o n s  i n  t h e s e  t r e e -  and snag-associated mic rohab i t a t s  have a l r eady  
been d i scussed .  
I n c i p i e n t  p l a n t  agg rega t ions  began t o  develop i n  some of the  
c i n d e r  cone c r e v i c e s ,  a l though he re  and i n  h a b i t a t  5 (pumice-with-survival 
trees), aggrega t ion  p a t t e r n s  were l e a s t  c l e a r l y  def ined  dur ing  t h e  
o b s e r v a t i o n  pe r iod .  Never the less ,  i t  can b e  s a i d  t h a t  p l a n t  aggrega t ions  
are t y p i c a l  f o r  t h e  invas ion  of p l a n t s  on new vo lcan ic  su r f aces .  Th i s  
s t a t e m e n t  is  i n  accord w i t h  t h e  obse rva t ions  of Mi l lener  (1953) i n  New 
Zealand. I n  a l l  c a s e s ,  t h e  cause f o r  t h i s  e a r l y  community formation 
through aggrega t ion  seemed t o  b e  a s s o c i a t e d  wi th  l o c a l l y  improved 
edaphic  mo i s tu re  r e l a t i o n s .  These became e f f e c t i v e  e i t h e r  through 
improved r e t e n t i o n  of s o i l  wa te r ,  shading ,  f i n e  p a r t i c l e  accumulation o r  
p l a n t  m a t e r i a l  i t s e l f  o r  through l o c a l l y  h ighe r  input  of water  
( i n t e r c e p t i o n  a t  snags o r  accumulat ion of  runoff  water )  o r  through both .  
Complementation and competition.--The accommodation of seed  p l a n t s  
i n  c r e v i c e s  dense ly  occupied w i t h  cryptogams may be  viewed a s  a form of 
complementation. This  form of complementation was brought about most 
l i k e l y  by an  improved runoff-water  r e t e n t i o n  i n  t he  e s t a b l i s h e d  moss 
mats and among t h e  f e r n  rhizomes. Another form of complementation w a s  
observed under Buddleja  t r e e s  and o t h e r  shrubs  i n  h a b i t a t  3, where 
s e v e r a l  s p e c i e s  of r a i n  f o r e s t  mosses invaded t h e  shaded a r e a s  beneath 
t h e s e  bushes .  Moss invas ion  i n  t h e  shade of t r e e s  occurred a l s o  i n  
some p l a c e s  i n  h a b i t a t  5 under t h e  su rv iv ing  Metrosideros t r e e s .  A t h i r d  
form of complementation was observed i n  h a b i t a t  1 and 3 .  Here a 
herbaceous seed-p lan t  synus i a ,  c o n s i s t i n g  of g ra s ses  and £orbs ,  was 
sp read ing  under e s t a b l i s h e d  s c a t t e r e d  woody seed p l a n t s .  This  occurred  
i n  h a b i t a t  1 on ly  a t  t h e  f i r s t  10 t o  1 5  m inward on the  c r a t e r  f l o o r  of 
t r a n s e c t  ' a ' .  This  was a l s o  the  only  p l ace  where seed p l a n t s  had 
invaded t h e  f l a t  s u r f a c e  of t h e  massive pahoehoe l ava .  The a r e a  was a s  
- y e t  v e r y  small i n  terms of t he  t o t a l  c r a t e r  f l o o r  a r ea .  The main 
r e a s o n  f o r  t h i s  form of  i nvas ion  was probably no t  t h e  p a r t i a l  shade 
provided  by  t h e  s c a t t e r e d  woody p l a n t s ,  b u t  r a t h e r  t h e  morning shade 
provided  by  t h e  c r a t e r  s l o p e  r i s i n g  s t e e p l y  behind t h i s  l o c a t i o n .  A 
more advanced development of s y n u s i a l  l a y e r i n g  occurred i n  t h e  
spa t te r -wi th-snags  h a b i t a t  (No. 3) where the  g ra s ses ,  such as Paspalum 
d i l a t a t u m  and Holcus l a n a t u s  advanced i n  t he  p a r t i a l  shade of woody 
p l a n t s .  
Here a l s o  t h e  f i r s t  s i g n s  of compet i t ion  were noted among t h e  
g r a s s e s  and f o r b s .  Paspalum d i l a tum and S e t a r i a  gen icu la t a  seemed t o  
d e c l i n e  on account  of t h e  advancing Holcus l a n a t u s ,  Cyperus polystachyos 
and Pennisetum clandestinum. Eupatorium r ipar ium and Lythrum maritimum 
seemed t o  b e  i n  p a r t  rep laced  by Commelina d i f f u s a .  S imi l a r  replacement 
p a t t e r n s  were noted  wi th  b a s a l l y  r e sp rou t ing  Metrosideros and Buddleia  
a s i a t i c a .  A d e c l i n e  of Rubus r o s a e f o l i u s  and R. pene t r ans  w a s  observed 
i n  h a b i t a t s  3 and 5,  wh i l e  Vaccinium r e t i c u l a t u m  and Dubautia s cab ra  
i n c r e a s e d  i n  sp read .  It could no t  b e  a sce r t a ined  i n  a l l  c a ses  whether 
t h i s  replacement  p a t t e r n  was i n  f a c t  competi t ion.  But i n  h a b i t a t  5, 
s e v e r a l  c a s e s  were observed where t h e  n a t i v e  Coprosma ernodeoides c l e a r l y  
had invaded pa t ches  occupied by t h e  e x o t i c  Rubus pene t r ans  wi th  t h e  
r e s u l t  t h a t  t h e  l a t t e r  dec l ined  i n  v i g o r  and then d ied  t h e r e a f t e r .  
R e l a t i o n s h i p  between n a t i v e  and e x o t i c  invaders  
The s t u d y  h a s  shown t h a t  bo th  n a t i v e  and e x o t i c  seed p l a n t s  and f e r n s  
p a r t i c i p a t e d  i n  t h e  invas ion  on new v o l c a n i c  su r f aces  i n  Hawaii. New 
v o l c a n i c  s u r f a c e s  wi thout  remains of former vege ta t ion  were c l e a r l y  
dominated by n a t i v e  s p e c i e s  i n  t h e  e a r l y  s t a g e s  of primary invas ion .  
In c o n t r a s t ,  p y r o c l a s t i c  f a l l - o u t  h a b i t a t s  w i th  f o r e s t  remnants (such 
as h a b i t a t s  3 and 5 )  were dominated i n i t i a l l y  by e x o t i c  invaders .  
However, even i n  t h e s e  h a b i t a t s ,  n a t i v e  woody seed p l a n t s  and f e r n s  were 
i n  no way a f f e c t e d  by compet i t ion  of e x o t i c s ,  whi le  t h e r e  were d e f i n i t e  
i n d i c a t i o n s  t h a t  e x o t i c  s eed  p l a n t s  were rep laced  by compet i t ion  from 
n a t i v e  seed  p l a n t s  of similar l i f e  form. This  was observed i n  t he  case  
of t h e  e x o t i c  s m a l l - t r e e  Buddleja  a s i a t i c a  which seemed t o  be  a f f e c t e d  
by compe t i t i on  from Metros ideros  polymorpha snag-resprouts .  It  was a l s o  
observed i n  t h e  c a s e  of Rubus p e n e t r a n s  t h a t  became rep laced  i n  s e v e r a l  
l o c a t i o n s  by t h e  n a t i v e  woody c reepe r  Coprosma ernodeoides,  which had a  
l i f e  form s i m i l a r  t o  Rubus penet rans  on these  pumice s u b s t r a t e s .  
The m a j o r i t y  of e x o t i c  s p e c i e s  were herbaceous seed p l a n t s ,  g r a s s e s  
and f o r b s .  Only v e r y  few n a t i v e  s p e c i e s  a r e  i n  t h i s  l i f e  form group. 
Thus, t h e  herbaceous e x o t i c s  f i l l  a  p r a c t i c a l l y  vacant  n iche .  I t  is  
expected t h a t  t h e s e  herbaceous e x o t i c s  w i l l  become even more abundant 
i n  t i m e  i n  t h e  con t inu ing  process  of invas ion .  However, they do not  
appear  t o  i n t e r f e r e  w i t h  t h e  development of n a t i v e  p l a n t s ,  because both 
are complementary l i f e  forms. An e a r l y  success ion  was recorded i n  t h i s  
group and some of t h i s  seemed t o  be  caused by compet i t ive  replacement.  
Th i s  form of i n t e r a c t i o n  i s  expected t o  i n c r e a s e  a s  t h e  new s u r f a c e s  
become more and more f i l l e d  wi th  p l a n t  l i f e .  
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APPENDIX 1. Species frequency (%) of invaders during years 
following eruption in habitat 1. Data for the total 1445 
square meter plots along the four belt-transects 
on Kilauea Iki crater floor. 
Year 1 2 3 4 7 9 Species 1960 1961 1962 1963 1966 1968 
ALGAE 
Stigonema panniforme 
Phyc HA* 
Scytonema myochrous 
Phyc H 
Anacystis montana 
Phyc H 
Hapalosiphon laminosus 
Phyc H 
Stichococcus subtilis 
Phyc H 
MOSSES 
Campylopus densifolius 
Br Ch pulv 
Campylopus exasperatus 
Br Ch pulv 
Campylopus purpureoflavescens 
Br Ch pulv 
Rhacomitrium lanuginosum var. 
pruinosum 
Br Ch rept 
Bryum crassios tatum 
Br Ch pulv 
LICHENS 
Stereocaulon volcani - - 2.0 4.9 24.0 32.5 
-. L C h  
Cladonia skottsbergii 
L Ch 
FERNS 
Nephrolepis exaltata 
G rhiz 
Sadleria cyatheoides 
sCh scap 
Pityrogramma calomelanos 
G rhiz 
Polypodium pellucidurn 
G rhiz 
Cibotium glaucum 
sCh scap 
APPENDIX 1. (Cont inued)  S p e c i e s  f requency  (%) of i n v a d e r s  
d u r i n g  y e a r s  f o l l o w i n g  e r u p t i o n  i n  h a b i t a t  1. Data  
f o r  t h e  t o t a l  1445 s q u a r e  meter p l o t s  a long  t h e  f o u r  
b e l t - t r a n s e c t s  on K i l a u e a  Iki c r a t e r  f l o o r .  
S p e c i e s  1 2  3  4  7 9  Year 1960 1961  1962 1963 1966 1968 
SEED PLANTS 
WOODY 
M e t r o s i d e r o s  polymorpha 
sCh f  r u t  
Vaccinium r e t i c u l a t u m  
sCh f r u t  
D u b a u t i a  s c a b r a  
sCh £ r u t  
H e d y o t i s  c e n t h r a n t h o i d e s  
sCh f r u t  
C y r t a n d r a  z. 
dCh f r u t  
Coprosma o r c h r a c e a  
dCh f r u t  
*Buddleja  a s i a t i c a  
dCh f r u t  
GRASSES 
*Andropogan v i r g i n i c u s  
Ch(H) c a e s p  
* S e t a r i a  g e n i c u l a t a  
Ch(H) c a e s p  
*Paspalurn d i l a t a t u m  
Ch(H) c a e s p  
* P a s p a l m  conjugaturn 
Ch(H) c a e s p  
FORBS 
*Anemone j a p o n i c a  - - - - 0 .2  0.2 
Ch(H) r o s  
" F r a g a r i a  v e s c a  v a r .  a l b a  - - - - - 0.2 
Ch(H) r o s  
*Lythrum rnaritimum - - - 0 . 1  - - 
dCh r e p t  
* E x o t i c  s p e c i e s .  
**Life form s y m b o l ' e x p l a i n e d  i n  APPENDIX 7. 
APPENDIX 2. Spec ies  frequency (%) of invaders  dur ing  yea r s  
fo l lowing  e r u p t i o n  i n  h a b i t a t  2 ( c i n d e r  cone) .  Data from 
85 quadra t s  of 10 m x 10 m s i z e .  
1 2 3 4 7 9 Spec ie s  Year 1960 1961 1962 1963 1966 1968 
ALGAE 
Scytonema myochrous 
Phyc H** 
Stigonema panniforme 
Phyc H 
Apacys t i s  montana 
Phyc H 
MOSSES 
Campylopus exaspe ra tus  
B r  Ch pulv  
Campylopus d e n s i f o l i u s  
B r  Ch pulv  
Rhacomitrium lanuginosum v a r .  
pruinosum 
B r  Ch r e p t  
LICHENS 
S te reocau lon  v o l c a n i  
L Ch 
Cladonia s k o t t s b e r g i i  
L Ch 
FERNS 
Nephrolepis  e x a l t a t a  
G r h i z  
Pityrogramma calomelanos 
G r h i z  
Polypodium pel lucidum 
G r h i z  
S a d l e r i a  cya theoides  
sCh scap  
APPENDIX 2. (Continued) Species frequency (%) of invaders 
during years following eruption in habitat 2 (cinder 
cone). Data from 85 quadrats of 10 m x 10 m size. 
Species Year 1 2 3 4 7 9 
1960 1961 1962 1963 1966 1968 
SEED PLANTS 
WOODY 
Dubautia scabra 
sCh frut 
Vaccinium reticulatum 
sCh £rut 
*Buddle ja asiatica 
dCh frut 
Metrosideros polymrpha 
sCh frut 
Styphelia taxeiameia 
sCh frut 
HERBACEOUS 
*Agrostis avenacea 
C h ( H )  caesp 
*Exotic species. 
**Life £ o m  symbol explained in APPENDIX 7. 
APPENDIX 3. Species frequency (%) of invaders during years 
following eruption in habitat 3 (spatter area with snags). 
Data from 21 quadrats of 10 m x 10 m size. 
Species Year 1 2 3 4 7 9 1960 1961 1962 1963 1966 1968 
ALGAE 
Stigonema panniforme 
Phyc H** 
Scytonema myochrous - 
Phyc H 
Anacystis montana - 
Phyc H 
MOSSES 
Campylopus densifolius 
Br Ch pulv 
Campylopus exasperatus - 
Br Ch pulv 
Rhacomitrium lanuginosum var. - 
pruinosum 
Br Ch rept 
Ceratodon purpureus 
Br Ch pulv 
Bryum crassiostatum 
Br Ch pulv 
Brachymenium exile 
Br Ch pulv 
Ctenidiun decurrens 
Br Ch rept 
Rhizogonium spiniforme 
Br Ch revt 
Trichostelewn lamatum 
Br Ch rept 
*Hypnum plumaef orme 
Br Ch rept 
Thuidium plicatum 
Br Ch rept 
Macromitrium owaihense 
Br H 
Ectsopothecium sandwicense 
Isopterygium albescens 
Br H 
Racopilum cuspidigerum 
Br H 
APP~ITIIx 3 .  (Continued) Species  frequency (%) of invaders  dur ing  
y e a r s  f o l l o w i n g  e r u p t i o n  i n  h a b i t a t  3 ( s p a t t e r  a r e a  wi th  snags) .  
Data from 21 quadra t s  of 10 m x 10 m s i z e .  
Spec ie s  Year 1 2 3 4 7 9  1960 1961 1962 1963 1966 1968 
LICHENS 
S te reocau lon  v o l c a n i  
L Ch 
Cladonia s k o t t s b e r g i i  
L Ch 
FERNS 
Nephrolepis  e x a l t a t a  
G r h i z  
SEED PLANTS 
WOODY 
*Rubus r o s a e f o l i u s  
dCh f r u t  
*Rubus pene t r ans  
dCh £ r u t  
*Pluchea o d o r a t a  
dPN 
*Buddle j a  a s i a t  i c a  
dPN 
P i p t u r u s  a l b i d u s  
dPN 
Metros ideros  polymorpha 
sPN 
Vaccinium calycinum 
dCh f r u t  
Vaccinium re t i cu l a tu rn  
sCh £ r u t  
Dubautia s c a b r a  
sCh f r u t  
Dubautia c i l i o l a t a  
sCh f r u t  
Hedyotis cen th ran tho ides  
sCh £ r u t  
SEED PLANTS 
GRASSES 
*Holcus l a n a t u s  - 
Ch(H) caesp  
*Paspalurn d i l a t a t u n  
6 10 
Ch(H) caesp 
*Andropogon v i r g i n i c u s  
Ch(H) caesp  
- "Agrost is  avenacea 
Ch(H) caesp 
$ 
APPENDIX 3 .  (Continued) Spec i e s  f requency (%) of i nvade r s  dur ing  
y e a r s  fo l l owing  e r u p t i o n  i n  h a b i t a t  3 ( s p a t t e r  a r e a  w i th  s n a g s ) .  
Data from 21 q u a d r a t s  of 10  m x 10 m s i z e .  
4% 
Spec ie s  Year 1 2 3 4 7 9  1960 1961 1962 1963 1966 1968 
" S e t a r i a  g e n i c u l a t a  
G r h i z  
"Pennisetum c landes t inum 
Ch(H) r h i z  
*Sacc io l ep i s  i n d i c a  
T caesp  
"Cynodon dac ty lon  
Ch(H) r e p t  
*Sporobolus a f r i c a n u s  
Ch(H) caesp  
SEED P W T S  
SEDGES 
*Cyperus po lys tachyos  - - - 2 4 24 2 4 
Ch(H) caesp  
*Cyperus b r e v i f o l i u s  - - 2 4 29 10  5 
Ch(H) caesp  
"Cyperus ro tundus  
Ch(H) caesp  
Carex wahuensis 
Ch(H) caesp  
FORB S 
*Eupa tor ium r ipa r ium 1 4  19 24 4 3 5 5 
dCh s u f f  
*Cuphea c a r  t h a g i n e n s i s  - - - 1 0  5 5 
dCh s u f f  
*Cormnelina d i f f u s a  - - 14 2 4 29 38 
dCh r e p t  
*Lythrum maritimum - - 19 10  10  10  
dCh r e p t  
"( 
.. . "Epilobium cinereum - - - 14 19 24 
'..-- *
Ch(H) r e p t  
: *Hypericum j aponicum - - - - 14 14 
Ch(H) s cap  
"Epilobium adenocaulon - - - - - 1 4  
Ch(H) s cap  
"Gnaphalium purpureum - - - - - 5 
Ch(H) scap  
* F r a g a r i a  vesca  v a r .  a l b a  - - - - - 19  
Ch(H) r o s  
*Anemone j aponica - - - - 5 10 
Ch(H) r o s  
5-  
-- 
APPENDIX 4.  (Continued) Spec i e s  f requency ( X )  of i nvade r s  dur ing  
y e a r s  fo l l owing  e r u p t i o n  i n  h a b i t a t  4 (pumice a r e a  w i t h  s n a g s ) .  
)i Data from 72  q u a d r a t s  of 10  m x  10  m s i te .  
1 2 
Spec ie s  Year 1960 1961 1962 3 1963 4 1966 7 1968  
Me t ros ide ros  polymorpha - 2 1 9 14 
s PN 
2 3 
Dubautia  s c a b r a  
sCh f r u t  
Dubaut ia  c i l i o l a t a  
sCh £ r u t  
*Pluchea odo ra t a  
dPN 
SEED PLANTS 
GRASSES 
*Andropogon v i r g i n i c u s  - - - - 1 3 
Ch(H) caesp  
*Holcus l a n a t u s  - - - - - 3 
Ch(H) caesp  
FORBS 
Rumex g igan teus  
dCh f r u t  
*Eupatorium r ipa r ium 
dCh s u f f  
"Epilobium c iner ium 
dCh r e p t  
"Lythrum mar i  timum 
dCh r e p t  
"Epilobium adenocaulon 
Ch(H) s cap  
*Fraga r i a  vesca  v a r .  a l b a  
Ch(H) r o s  
"Anemone japonica  
Ch(H) r o s  
*Conyza canadens is  
T s e m  
A E r e c h t i t e s  v a i e r i a n a e f o l i a  
T s cap  
*Sonchus o l e r a c e u s  
T s cap  
*Hypochaeris r a d i c a t a  
p G r a d  
"Arundina bambusaefol ia  
G bu lb  . 
*Exotic  p l a n t s .  
**Life form symbol exp la ined  i n  APPENDIX 7. 
APPENDIX 5. Species frequency (%) of invaders during years 
following eruption in habitat 5 (pumice area with 
surviving trees). Data from 32 plots of 10 m x 10 m size. 
Species Year 1 2 3 4 7 9 1960 1961 1962 1963 1966 1968 
ALGAE 
S tigonema 
Scy tonema 
Anacys tis 
panniforme 
Phyc HA* 
myochrous 
Phyc H 
montana 
Phyc H 
MOSSES 
Campylopus densifolius 
Fir Ch pulv 
Campylopus exasperatus 
Br Ch pulv 
Campylopus purpureoflavescens 
Br Ch pulv 
Rhacomitrium lanuginosum var. 
pruinosum 
Br Ch rept 
Bryum argentum var. lamatum 
Br Ch pulv 
Dicranum speirophyllum 
Br Ch pulv 
Thuidium plicatum 
Br Ch rept 
LICHENS 
Stereocaulon volcani 
L Ch 
Cladonia skottsbergii 
L Ch 
FERNS OR FERN ALLIES 
Nephrolepis exaltata 
G rhiz 
Polypodium pellucidum 
G rhiz 
Psilotum nudum 
Ch ep 
APPENDIX 5. (Continued) Spec ies  frequency (%) of invaders  dur ing  
y e a r s  fo l lowing  e r u p t i o n  i n  h a b i t a t  5 (pumice a r e a  wi th  
s u r v i v i n g  t r e e s ) .  Data from 32 p l o t s  of 10 m x 10 m s i z e .  
Spec ie s  1 2 3 4 7 9  Year 1960 1961 1962 1963 1966 1968 
SEED PLANTS 
WOODY 
*Rubus rosae f  o l i u s  
dPN 
*Rubus pene t r ans  
dPN 
GRASSES 
*Andropogon v i r g i n i c u s  
Ch(H) caesp 
*Paspalurn d i l a t a t u m  
Ch(H) caesp  
SEDGES 
*Cyperus b r e v i f o l i u s  
Ch(H) caesp 
*Cyperus polys tachyos  
Ch(H) caesp 
*Gahnia gahniaeformis 
Ch(H) caesp  
FORBS 
*Hypochaeris r a d i c a t a  - 
G r ad  
*Fraga r i a  vesca  v a r .  a l b a  - 
G r o s  
*Cirsium v u l g a r e  - 
G r o s  
*Anemone j aponica - 
G r o s  
* E r e c h t i t e s  v a l e r i a n a e f o l i a  - 
T scap  
*Eupatorium r ipa r ium 
dCh s u f f  
*Exotic  s p e c i e s .  
**Life form symbol expla ined  i n  APPENDIX 7 .  
APPENDIX 6. Species frequency (%) of invaders during years 
following eruption in habitat 6 (thin fallout area, upper 
Kau Desert). Data from 5 plots of 10 m x 10 m ~ize. 
Species Year 1 2 3 4 7 9 
1960 1961 1962 1963 1966 1968 
ALGAE 
Stigonema panniforme 100 100 100 100 100 100 
Phyc HA* 
Scytonema myochrous - 100 100 100 100 100 
Phyc H 
Anacystis montana d - - 100 100 100 
Phyc H 
Coccochloris stagnima - - - - - 100 
Phyc H 
MOSSES 
Campylopus densifolius - - 40 60 60 8 0 
Br Ch pulv 
Campylopus exasperatus - - - 6 0 60 80 
Br Ch pulv 
Weisia viridula 
Br Ch pulv 
Anthoceros z. - - 40 - 40 4 0 
Br Ch pulv 
LICHENS 
Stereocaulon volcani 
L Ch 
Cladonia skottsbergii 
L Ch 
FERNS AND FERN ALLIES 
Sphenomeris chusana 
G rhiz 
Psilotum nudum 
Ch ep 
Pleopeltis thunbergiana 
Ch ep 
SEED PWYTS 
WOODY 
*Psidim cattleianum 
--
sPN 
'4 
"Buddleja asiatica 
dCh £rut 
APPENDIX .6. (Continued) Spec ies  frequency (%) of invaders  dur ing  yea r s  
fo l lowing  e r u p t i o n  i n  h a b i t a t  6 ( t h i n  f a l l o u t  a r e a ,  upper 
Kau D e s e r t ) .  Data from 5 p l o t s  of 10 m x 10 m s i z e .  
Spec ie s  Year 1 2 3 4 7 9 1960 1961 1962 1963 1966 1968 
GRASSES 
*Andropogon v i r g i n i c u s  
Ch(H) caesp 
*Agros t i s  avenacea 
Ch(H) caesp 
*Rhynchely trum repens  
G r e p t  
" D i g i t a r i a  pseudoischaemum 
G r e p t  
SEDGES 
"Cyperus M s t a c h y g o s  
Ch(H) caesp  
*Bu lbos ty l i s  c a p i l l a r i s  
Ch(H) caesp 
FORB S 
"Arundina bambusaefol ia  
G bulb 
*Conyza canadens is  
T s cap  
*Ex0 t i c  s p e c i e s .  
**Life form symbol expla ined  i n  APPENDIX 7 .  
APPENDIX 7. Explana t ion  of symbols used on l i f e  form 
diagrams (FIG. 8 ,  1 0 ,  11 and 16) 
PM = "Macrophanerophyte"; - i . ~ . ,  t a l l  woody p l a n t ,  h e r e  def ined  a s  
trees ove r  2  m t a l l  (example, s u r v i v i n g  Wetrosideros polxporpha) 
PN = "Nanophanerophyten; L.z., sma l l  woody p l a n t ,  h e r e  def ined  a s  
between 25 cm t o  200 cm tail (example, su rv iv ing  Vaccinium 
r e t i c u l a t u m )  
Ch = "Chamaephyte"; h e r e  de f ined  a s  low shrubs  o r  woody p l a n t  
s e e d l i n g s  t h a t  were up t o  25 cm t a l l  a t  t h e  time of 
o b s e r v a t i o n  (example, Vaccinium r e t i c u l a t u m )  
I I Ch(H) = Chamae-hemicryptophyte"; h e r e  de f ined  a s  herbaceous p e r e n n i a l s  
whose s h o o t  system remained a l i v e  above t h e  s u r f a c e  a l s o  when 
p a r t  of i t  d i e d  o r  d r i e d  up. This  is  a  new term combination 
used f o r  t h i s  paper ,  because t h e  t y p i c a l  hemicryptophytes of 
temperate-  and ar id-zones have a  shoot  system t h a t  d r i e s  down 
i n  i t s  e n t i r e t y  t o  a  remnant shoo t  system t h a t  remains above 
t h e  ground,  w h i l e  t he  p l a n t s  h e r e  des igna ted  a s  chamae- 
hemicroptophytes  showed only  p a r t i a l  die-back. A p a r t  of t h e  
s h o o t  system remained green  through t h e  year  (example, 
Machaerina a u g u s t i f o l i a )  
G = " ~ e o p h y t e " ;  h e r e  def ined  a s  herbaceous pe renn ia l s  t h a t  can 
reproduce  v e g e t a t i v e l y  from underground s t o r a g e  organs a f t e r  
s h o o t  die-back. I n  c o n t r a s t  t o  t h e  t y p i c a l  temperate- and 
k 
ar id-zone  geophytes ,  r e g u l a r  s ea sona l  shoot  die-back was no t  
observed .  The p l a n t s  h e r e  c a l l e d  geophytes could be  des igna ted  
a s  "mechanical geophytes1'  meaning t h a t  they were p l a n t s  ( o t h e r  
APPENDIX 7. (Continued) Explanat ion of symbols used on l i f e  form 
diagrams (FIG. 8 ,  1 0 ,  11 and 16)  
t h a n  g r a s s e s )  t h a t  could r e g e n e r a t e  t h e i r  e n t i r e  shoot  system 
a f t e r  i t  had been removed from t h e  s u r f a c e  by mechanical 
means (example, S p a t h o g l o t t i s  p l i c a t a )  
BrCh 
LCh 
BrH 
PhycH 
S 
bu lb  
caesp  
f r u t  
"Therophytest ' ;  de f ined  a s  herbaceous p l a n t s  l a ck ing  t h e  
c a p a c i t y  of v e g e t a t i v e  shoot  reproduct ion  
"~hal lo-chamaephytesI1 ; i .e. , cushion-f orming bryophytes 
- 
(example, Rhacomitrium lanuginosua  v a r .  pruinosurn) 
11 Thallow-chamaephytes"; i.~., f r u t i c o s e  l i c h e n s  (example, 
S t e r eocau lon  vo lcan i )  
"Thallo-hemicryptophytes"; i.~., f l a t - app re s sed  mosses 
(Macromitrium owaihense) 
"Thallo-hemicryptophytestt; - i . ~ . ,  macroscopic a lgae  (example, 
Stigonema panniforme) 
I I  s c l e rophy l lous" ;  i . ~ . ,  l e a t h e r y  leaved  woody p l a n t s  (example, 
- 
Met ros ide ros  po lymor~ha )  
"daphnous"; - i.g., sof t - leaved  woody p l a n t s  (example, Buddleja  
a s i a t  i c a )  
"bulbous" geophytes t h a t  a r i s e  from bulbs  o r  corms (example, 
T r i t o n i a  c rocosmaefo l ia )  
I I b ranched  from near  t h e  base" ; L.Z. , bunch h a b i t  (example, 
Andropogon v i r g i n i c u s )  
11 f r u t e s c e n t " ;  meaning woodiness completed i n t o  branch t i p s  
(example, Vaccinium re t i cu l a tum)  
11 e p i p h y t i c " ;  growing on o t h e r  p l a n t  (example, Psiloturn nudum). 
APPENDIX 7. (Continued) Explana t ion  of symbols used on l i f e  form 
diagrams (FIG. 8 ,  1 0 ,  11 and 16)  
p u l v  
r a d  
r e p t  
r h i z  
r o s  
scand 
s c a p  
sem 
s u f  f 
- 11 pu lv ina t e " ;  r e f e r s  h e r e  t o  cushion-forming mosses (example, 
Campylopus exaspe ra tu s )  
= "zadicigemal '  ; r e f e r s  t o  roo  t-budding geophytes (example, 
Hypochaeris  r a d i c a t a )  
\ ' 
I I 
= r e p t a n t " ;  meaning t h e  p l a n t  h a s  a c reep ing  h a b i t ;  u s u a l l y  
s t o l o n i f e r o u s  (example, Cornmelina d i f f u s a )  
- I+ rhizome1'-geophytes t h a t  a r i s e  from rhizomes of va r ious  l e n g t h  
(example, Nephrolepis  e x a l t a t a )  
= "roset te-forming" p l a n t  (example, Anemone japonica)  
= "scandent";  r e f e r s  t o  p l a n t s  t h a t  have a tendency t o  climb 
(examp l e y  Rubus pene t r a n s )  
- 11 scapose" o r  single-stemmed (example, E r e c h t i t e s  v a l e r i a n a e f o l i a )  
= "semi-roset te"  p l a n t s  (example, Conyza canadensis)  a s  opposed 
t o  t h o s e  t h a t  have completed r o s e t t e s  ( ros )  
= " s u f f r u t e s c e n t " ;  &.g. ,  semi-woody (example, Eupatorium' r ipar ium)  
